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Abstract 


Structural studies of intrinsic membrane proteins, 
those proteins that span the lipid bilayer of cellular 
membranes, have been few. There has been much interest in 
defining the contributions of interactions with hep races 
water, proteins and/or other components of tthe lipid and 
aqueous phases, to the structure and function of intrinsic 
proteins; structural studies of these interactions have been 
limited due to the insolubility in water, the low yields and 
the lack of knowledge of the amino acid sequence of most 


intrinsic proteins. 


An intrinsic protein which is well characterised and 
can be isolated in large quantities, is the coat (gene VIII) 
ppoteinvofithecfilamentoussrcolaphagesieMl3ivcThe aMi3sricoat 
protein spans the cytoplasmic membrane of its host —. coli 
during infection, hence it is an intrinsic membrane protein. 
The protein consists of 50 amino acids, whose sequence may 
be divided into three regions: an acidic N-terminus, a basic 
€-terminusmiande acehydrophobic core. The hydrophilic and 
hydrophobic domains of the coat protein have been biosyn- 
thetically labelled with the ~@=rtluorco-analogcmm of 
phenylalanine and tyrosine, respectively. Structural 


information was obtained by monitoring the motion and 


exposure of the Fphe and Ftyr residues of the DOC micelle- 


Or vesicle-bound protein using '’F NMR. 
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The exposure of the Fphe and Ftyr residues of the 
labelled coat proteins in DOC micelles, was determined from 
bhe-eresuits i iof. proteolytics digestions; s‘solvent«s isotope 
induced shift measurements, fluorine photo-chemically 
induced dynamic nuclear polarization experiments, and pH 
titrations. The data showed that the Fphe residues were 
outside of the micelle while the Ftyr residues were either 
at the solvent-micelle interface (Ftyr21) or within the 
micelle (Ftyr24). Temperature studies, monitored with both 
Careular dichroism and ‘*’F NMR revealed that ‘structural 
changes occurred with temperature in the immediate 
vicinities of the fluoro-residues and/or over large segments 
of the protein. A model dependent analysis of the Fphe and 
Ftyr ring motions using the '’F NMR relaxation data showed 
that Fphel1 is slightly more mobile than Ftyr21, and Ftyr21 
is slightly more mobile than Ftyr24. This result, together 
with the observation that water had little access to the 
Fphe11 fluorine suggested that the hydrophilic end(s) were 
structured such that Fphel1 was, at least, partially buried 


in a hydrophobic pocket. 


The wexposure, of “the Ephe Gand | Ftyr residuessofeche 
dabelled . coat) proteins © reconstituted “into phospholipid 
vesicles was determined by monitoring their accessibility to 
chymotrypsin and the effects of temperature on their ‘’F NMR 
resonances. The results showed the Fphe residues to be 
outside the lipid bilayer; the Ftyr residues were inside the 
lipid bilayer. Qualitatively, the Ftyr ring motions were 
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dependent upon the phase state of the bilayer lipids; the 
mobility was restricted when the lipid was in the gel-state. 
Above the lipid phase transition temperature, the ‘°F NMR 
analyses of the Fphe and Ftyr ring motions of the vesicle- 
bound protein showed that the Fphe residues were not much 
more mobile than the Ftyr residues, suggesting that, as with 
the DOC micelle-bound coat proteins, the hydrophilic ends 


were not freely diffusing in solution but were structured. 
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List of Abbreviations and Symbols 


ala alanine 

arg arginine 

asn asparagine 

asp aspartic acid 

cys cysteine 

gln glutamine 

glu glutamic acid 

gly glycine 

his histidine 

ile isoleucine 

leu leucine 

lys lysine 

met methionine 

phe phenylalanine 

pro proline 

ser serine 

thr threonine 

Gp tryptophan 

08 tyrosine 

val valine 

Fphe 3-fluoro-phenylalanine 
4-Fphe 4-fluoro-phenylalanine 
Pry & 3-fluoro-tyrosine 


Other Abbreviations 


Bo 
BPTI 
CD 


CIDNP 


CL 


CM-LUM 


static magnetic field 
bovine pancreatic trypsin inhibitor 
circular dichroism 
chemically induced dynamic 
nuclear polarization 
cardiolipin 


3-N-carboxymethyl-lumiflavine 
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the af-bond 
D> ring rotation frequency about 
the By-bond 
D230 deuterium oxide 
DEA: deuterium chloride 
dm decimeter 
DMPC dimyristoyl-phosphatidylcholine 
DNA deoxyribonucleic acid 
DOC sodium deoxycholate 
DPPA dipalmitoyl-phosphatidic acid 
DSS sodium 2,2-dimethyl- 


2-silapentane-5-sulfonate 


EDTA ethylene-diamine-tetra-acetic acid 
Fben fluoro-benzoic acid 

8-FDPPC S8=finoro-dipalmitoyl>=phospatidic acid 
FID free induction decay 

FMN flavin mononucleotide 

g gram 

Hb hemoglobin 

H, the applied magnetic field 

Hz hertz (sec™') 

kg kilogram 

MHz megahertz 

ml Mivlilater 

ae millimolar 

msec millisecond 
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m, mean residue molecular weight 


NaOD sodium deuteroxide 

NMR nuclear magnetic resonance 
No avogadro's number 

nOe nuclear Overhauser effect 
nsec nanosecond 

pD =loghsH i] 

pfu plaque forming unit 

DH -lbogtHs] 

ppm parts per million 

Rf (the distance travelled by a 


peptide)/(the distance travelled 
by aSpartic acid) by pH 6.5 


paper electrophoresis 


SDS sodium dodecylsulfate 

sec second 

Sus solvent induced shift 

Sis solvent isotope induced shift 

T, spin lattice relaxation time 

dey transverse relaxation time 

TFA trifluoro-acetic acid 

TMS tetramethyl-silane 

i lipid phase transition temperature 
Tris tris- (hydroxymethyl )-aminomethane 
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gyromagnetic ratio 

chemical shift 

grams of water bound/ 
gram of protein 

difference 

linewidth 

molar extinction coefficient 

viscosity 

elluptn arty 

mean residue ellipticity 

grams detergent bound/ 
gram of protein 

microseconds 

protein specific volume 

water specific volume 

detergent specific volume 

chemical shielding 


correlation time 
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le Introduction 


A. Structural Studies of Membrane Proteins 

Membrane proteins are essential for cell Viability. 
They perform many functions for the cell, including 
transport of ions and substrates through the hydrophobic 
bilayer, recognition and transfer of inter- and 
intra-cellular messages, and the enzymatic processes 
required. for .maintenance of membrane © potential. In 1972 
Singer and Nicholson proposed the fluid mosaic model for 
biological membranes (Singer, 1971; Singer & Nicolson, 
1972). They suggested that membrane proteins are "floating 
im “a Seam of. lipid" shown’) anyEigure 29-1) Although there 
tends to be less lipid present relative to the amount of 
protein than implied by that statement, the essence of the 
theory has held true: the proteins are _ found either 
Partially or totally embedded in the lipid bilayer. 

There are two types of membrane proteins (Figure I-1). 
The first are called extrinsic membrane proteins. These pro- 
teins are bound at the surface of the membrane and can be 
dissociated from the surface by high ionic strength. Once 
removed, they are water-soluble and can be studied using the 
wide variety of techniques that have been developed for 
water-soluble proteins. The second type of membrane proteins 
are called intrinsic membrane proteins. These proteins span 


the lipid bilayer and require the disruption of the membrane 


by detergents or organic solvents to be isolated. Theis 
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Figure I-1 An artist's representation of a biolog- 
ical membrane, as proposed by the fluid mosaic 
model. This diagram shows the two types of 
membrane proteins: i) extrinsic; ii) intrinsic. 
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study, whether kinetic, structural or ehemical }i#hasuebeen 
inmreed,8diepiton theirtuinsolubilityisin aqueous media; the 
Standard techniques used for water-soluble proteins can not 
be applied. 

Membrane proterns; in particulary! antrinsites tproteins- 
have the potential to be the most interesting of all pro- 
teins, both structurally and biochemically. These proteins 
not only have the possibility to interact with proteins, 
substrates and cofactors in the aqueous environments on one 
Or both sides of the membrane, but, as well, may be 
influenced by the components of the membrane, whether’ they 
beg. formrexample, lipid rprotein, or) steroids: sStructural 
Studies of integral proteins would allow one to monitor 
@hoseuninteractions. ati othe. molecularvelevel,vand-sotwould 
determine the mechanism by which the protein performs it 
Bune toon. 

Physical Saudiies of membrane proteins, at present, have 
been mainly Limitedsetort ithose “proteins ‘chassifiedtsas 
extrinsic membrane proteins (for example, cytochrome C and 
glucagon). X-ray and/or nuclear magnetic resonance studies 
have given detailed information of each of those systems. 
Structural studies of intrinsic proteins are few fora 
number of reasons. X-ray crystallography, which 1s capable 
of giving the most structural information, is also the most 
demanding in terms of sample preparation: the protein must 
be in highly ordered 3-dimensional crystals. Techniques for 


euystalbinzingruntrinmisic proteins are being developed, but 
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at present, the use of x-ray crystallography in the Study of 
intrinsic protein structure is very limited. The second most 
useful technique for obtaining structural information is 
NMR. It is more flexible in the type of sample it may use 
but has other limitations. The width of a NMR spectral res- 
onance 1S very dependent upon the size of the "particle": 
the larger» the particle; the broader. the linewidth. If: a 
protein is bound by detergent or lipid, its "particle-size" 
may become so large that the resonance is essentially 
undetectable by solution NMR techniques. 

These problems have led to the development of new phys- 
ical approaches; the intrinsic protein that has been most 
used is bacteriorhodopsin, from Halobacterium halobium. 
Membrane fragments containing large quantitities of 
bacteriorhodopsin may be readily isolated. These 
2-dimensional ordered arrays have been used by Unwin and 
Henderson (1975) to obtain both electron micrographs and 
Optical -diffraction patterns. Analysis of the diffraction 
patterns by similar methods used in the analysis of X-ray 
diffraction patterns have shown that bacteriorhodopsin 
contains 7 helices spanning the membrane; their folding in 
the membrane appears to be similar to the folding of peptide 
chains in water-soluble proteins. The internal motions of 
bacteriorhodopsin have been studied by solid state deuterium 
NMR. E. Oldfield and coworkers (Kinsey et a/]., 1981; Keniry 


et al., 1984) have incorporated deuterated amino acids into 


bacteriorhodopsin and have found residues within the 
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hydrophobic region of the protein (within the lipid bilayer) 
to be immobile while residues outside, to be very mobile on 
the timescale of the experiments (71 usec). 

The EM and solid state NMR studies give information of 
the topology and motions present in the static system; 
ideally however, one would still want to observe the inter- 
actions present in a dynamic (solution) state. Some studies 
have been done; S. Opella and coworkers (Cross and Opella, 
1979; (1980; 1981) have wsed proton NMR to study * the coat 
protein of the filamentous coliphage, fd, in sodium dodecyl- 
sulfate micelles. 

This thesis describes the study of the coat protein of 
the filamentous coliphage, M13' when it is either bound by 
sodium deoxycholate (DOC) micelles or reconstituted into 
phospholipid vesicles. The coat protein was biosynthetically 
labelled with either 3-fluoro-phenylalanine (Fphe) or 
3-fluoro-tyrosine (Ftyr) «thus providing specific labels of 
the hydrophilic and hydrophobic (membrane/micelle-bound) 
domains of the protein. '’F NMR was used to characterize the 
Structure-of the coat protein in the DOC micelles and 
vesicle as inferred from the motion and exposure of those 


residues. The history and objectives of this project are 


outlined in Chapter I-C. 


‘the coat protein of M13 has the same amino acid sequence as 
the coat protein of fd. 
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B. The Use of oR NMR in Studying Protein Structure 

Nuclear magnetic resonance (NMR) spectroscopy Gisela 
physical technique that can give information as to the 
motions and interactions of a particular group in a molecule 
provided that the NMR signal from that group is resolved 
from the other resonances in the spectrum. This can be a 
serious problem in using NMR techniques to study biological 
Samples when nuclei such as ‘H, and natural abundance ‘'3C 
and ‘*N are used. These nuclei are present in the sample, 
hence the larger the molecule, the more resonances will be 
present. As well, the larger the molecule, the slower the 
molecule tumbles in solution, and the broader the resonances 
become. The combination of these two effects results, in the 
worst case, in the entire spectrum becoming a broad 
unresolved envelope of resonances. It is difficult to obtain 
information from such a spectrum. 

An alternative approach to doing natural abundance NMR 
is to selectively label residues within the macromolecule. 
This results in either decreasing the number of resonances 
(for example {iPputter tehcalts, L969 A deuterated aliebutmar tew 
proton positions) or else giving new resonances to be 
Studied. The latter method has been particularly useful when 


the new nucleus is fluorine (for reviews, see Sykes and Hull 


(1978) and Sykes and Weiner (1980)). 


The use of fluorine labelled macromolecules has both 


assets and possible hazards. Fluorine ('’F) is a _ 100% 


abundant nucleus (with spin=1/2): which is not usually found 
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in biological molecules. Consequently, there is no back- 
ground problem; signals only occur from Synthetically incor- 
porated fluorine nuclei. It is 94% as sensitive as proton 
Heowmpanedito ShPu(40%)y *2Cus(25%) sandect®N 1(10%Jeeehence 
Spectra may be obtained with less sample and/or faster than 
with the naturally occurring (non-proton) nuclei. Its chemi- 
cal shift «range is  much».larger than that of proton 
(~+1000 ppm as compared to ~+10 ppm) so that individual res- 
Onances in the fluorine spectrum may often be resolved when 
they would not be resolved by proton NMR, aside from the 
background problem for protons. The potential problem in 
using fluorine substituted molecules arises from its _ size 
and its electronegativity. It is uSually substituted for 
protons, when used to label biological macromolecules (for 
example, 3-fluoro-phenylalanine ina protein). Fluorine is 
both larger and more electronegative than a proton, hence 
one must be careful that the behavior seen by '’F NMR, is 
that of the native molecule and not just due to the fluorine 
(Murray-Rust et a/]., 1983). 

One of the key reasons for doing an NMR experiment is 
to obtain information of the motions within a molecule. The 
motion analysis of an NMR spectrum requires that the mechan- 
isms by which the nuclei relax be known. Fluorine has two 
relaxation mechanisms: dipole-dipole and chemical shift 


anisotropy (csa). Dipole-dipole relaxation arises from the 
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Substituted amino acid in a protein, this is usually between 
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the fluorine and protons on the same residue or between the 
fluorine and protons on neighbouring residues. Chemical 
shift anisotropy is the result of the asymmetric electron 
distribution about the fluorine nucleus. It causes the 
chemical shift of the fluorine to depend on the orientation 
of the nucleus in the magnetic field. This mechanism causes 
the fluorine resonance linewidth to be proportional to the 
square of the magnetic field. Thus, at the higher fields 
available these days (300 MHz and up) chemical. shift 
anisotropy is the dominant mechanism contributing to _ the 
fluorine linewidth (or the transverse relaxation time, T.2). 

Fluorine labelled amino acids have been incorporated 
into proteins (for a review, see Sykes and Weiner, 1980). Of 
the methods available, biosynthetic incorporation of fluoro- 
amino acids has been very successful. 3-fluoro-tyrosine has 
been incorporated into alkaline phosphatase (Hull and Sykes, 
1976), lac repressor protein (Jarema et a/]., 1981), M13 coat 
protein (Hagen et al.; 91978)) “and= the. -sangte-stranded 
DNA-binding protein of fd (Coleman and Armitage, 1977). 
5-fluoro-tryptophan has been incorporated into histidine- 
binding protein J from Salmonella (Post et al., 1984). In 
all cases, information of the structure and motions of the 
fluorinated residues has been obtained. 

The 3-fluoro-analogues of phenylanine (Fphe) and tyro- 
Sine (Ftyr) have been used extensively in this) project; 


their structures are shown in Figure I-2. The biosynthetic 


incorporation of these amino acids into M13 coat protein and 
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Figure I-2 The chemical structures of 3-fluoro- 
phenylalanine (Fphe) and 3-fluoro-tyrosine 
(Ftyr). Structure A is Fphe; structure B is 
Ftyr. The L-configurations of each are shown. 
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their observation using '°F NMR has given structural infor- 
mation about the protein bound by DOC micelles (Chapter IV) 


or by phospholipid vesicles (Chapter Vv). 


C. The History and Objectives of this Project 

Exposure and mobility studies using solution NMR tech- 
niques have contributed a great deal to the understanding of 
the dynamic structure of water-soluble proteins. The appli- 
cation of this technique to the study of intrinsic membrane 
proteins has been severely limited for a number of reasons: 
the technique requires significant quantities of the pro- 
tein; the amino acid sequence of the protein must be known 
for meaningful interpretation of results; and the "particle- 
size" of the protein-detergent or protein-lipid complex must 
net) be ttdo@elarge.s« Few ‘intrinsic! proteins» ifulfill those 
Criteria. 

One protein that satisfies those three conditions is 
the coat (gene 8) protein of the filamentous bacteriophage 
Masib(or £a)).. (This protein’ performs “twogcfunctions. ~for “ithe 
Goliphages! Firsthe ptm i nforms¢ aeprotective layer varoundethe 
single-stranded circular DNA of the phage as it diffuses in 
solution; 2700 copies of the coat protein are found per 
phage. The second function is to transport the phage DNA 
through the cytoplasmic membrane of the E. coli, both into 
and out of the cell. In performing this task, the coat pro- 
tein is found spanning the cytoplasmic membrane: its 


N-terminus is in the periplasmic space; and its C-terminus 
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is in the cytoplasm. Hence, it is an intrinsic membrane pro- 
tein. 

M13 coat protein is an ideal membrane protein for NMR 
structural studies. The high copy number of the coat protein 
on each phage and that each infected bacterium produces ~200 
Peage==partrcles,.results in gram-quantities of coat protein 
being isolated. As well, it is a small protein, comprised of 
only 50 amino acids; its amino acid sequence is shown in 
Figure I-3. An additional advantage for this membrane pro- 
tein is that its synthesis requires the use of the E£. coli- 
host machinery. Thus, the use of genetic mutants of E. coli 
allows the biosynthetic incorporation of labelled amino 
acids. 

The M13 coat protein sequence can be divided into three 
regions (see Figure I-3): an acidic N-terminus, a _ basic 
C-terminus and a hydrophobic core. The preliminary studies 
to this project, performed by Mr. D. Scott Hagen (Hagen 
et al., 1978; 1979a,b) were done with labels in the hydro- 
phobic domain; Ftyr residues were incorporated at positions 
21 and 24 of the amino acid sequence. '’F NMR was used to 
Study the motions and exposure of those residues when the 
coat protein was bound by either deoxycholate (DOC) micelles 
or phospholipid vesicles. 

My project has been to obtain information of the over- 


all structure of the "membrane-bound" form of M13 coat  pro- 


tein. This required the hydrophilic ends, as well as the 


hydrophobic core, to be monitored. For this task, Fphe was 
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ercorporated “into “‘both ‘the acidic and basic domains of the 
Procell, sat positions “Tt, 42° “and 45. Structural information 
has been obtained by simultaneously monitoring the motions 
and exposures of the Fphe- and Ftyr-residues when bound by 
either DOC micelles or phospholipid vesicles, using ‘°F NMR 
(Dettman et aj., 1982; 1984). The techniques used for 
Studies of Ftyr-labelled coat protein, including solvent 
mEOtOpe! effects’ ‘on the ‘°F chemical shifts, digestion with 
pronase, and varying temperature, have been repeated, 
including Fphe-labelled coat protein in the preparations. 
Chymotryptic digestion, circular dichroism, and fluorine 
photo-chemically induced dynamic nuclear polarization exper- 
iments have provided additional information; improvements in 
the procedure for the reconstitution of the coat proteins 
into vesicles has allowed detailed motion analyses to be 
done. The results have given insight as to: the presence of 
structure in the vicinities of the Fphe residues; the extent 
LOmawiicires the Ftyr ring "mobilities are restricted by the 
solvating DPipid or bile acid molecules; and the degree of 
protection that protein structure and/or bile acids and 
lipids give the Ftyr residues from the aqueous environment. 
The work described in this thesis has been divided into 
three sections: Chapter III outlines studies of the Fphe and 


2The structural information obtained from the Fphe and Ftyr 
residues of the M13 coat proteins, whether bound by micelles 
or vesicles, was assumed to be give information of Ehe 
environments about the unlabelled phe and tyr residues ..as 
well. Major evidence that the fluoro-residues were not 
perturbing the structure significantly, if at all, was given 
in the observation that both the Fphe- and Ftyr-labelled M13 
phages were just as infectious as the unlabelled phage. 
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Ftyr amino acids; Chapter IV shows the behavior of the Fphe- 
and Ftyr-labelled coat proteins in DOC micelles: and 
Chapter V describes experiments with the Fphe- and Pee 
labelled coat proteins in phospholipid vesicles. The amino 
acid studies done in Chapter III-A characterized the inter- 
actions found between bicarbonate buffer and the fluoro- 
amino acids. This study was performed to determine the 
erfect, if any, that bicarbonate buffer might have on the 
"°F NMR spectra of the Fphe- and Ftyr-residues of the coat 
proteins. Chapter III-B shows the effects on the '°F chemi- 
cal shifts of Fphe and Ftyr amino acids as the solvent was 
changed from water (H20) to deuterium oxide (D200). These 
experiments were preliminary to the use of solvent isotope 
exchange as a method of determining protein residue exposure 
when bound by DOC micelles. Chapter IV-A shows data to sug- 
gest assignments of the resonances seen in the '’F NMR spec- 
trum of the Fphe- and Ftyr-labelled coat proteins in DOC 
micelles. Chapter IV-B gives the motion and exposure studies 
of the fluoro-labelled coat proteins in DOC micelles. 
Chapter V-A characterizes the exposure, orientation and 
effects of Vipid fluidity on the motions of  =Fphe Sandainry, 
residues of the labelled coat proteins in vesicles. 
Chapter V-B gives a quantitative discussion of ring motions 
of the Fphe- and Ftyr-residues of the labelled coat proteins 
reconstituted into phospholipid vesicles. Each Chapter has 
its own Introduction, Theory (if necessary) and Discussion 


Sections. The Methods for all the experiments described in 
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this thesis are given in Chapter I1. 
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II. Experimental Methods 


A. Materials 

The materials used in the experiments outlined in this 
thesis were obtained from Sigma Chemical Company, St. Louis, 
Missouri with the following exceptions: the deuterium oxide 
(99.75%) was bought from Bio-Rad Laboratories, Richmond, 
Ca., U.S.A.; the ammonium hydroxide from J.T. Baker Chemical 
Company, Phillipsburg, N.J., U.S.A.; the sodium deuteroxide 
and the deuterium chloride from Stohler Isotope Chemicals, 
Waltham, Ma, U.S.A.; the ammonium and sodium  bicarbonates 
and the sodium mono- and di-phosphates and hydrochloric acid 
from Fisher Scientific Limited, Edmonton, Alta., Canada. 

Bscheriechi@ocoliecstrains KATITSOCCGSC 5243 fant rani 
DMCASTOSPerfatly and AT2¢716(CESEC4510, Hfr, thi, rel, tyra4) 
were obtained from Dr. Barbara Bachman, Yale University 
School of Medicine. The M13 bacteriophage was a gift from 
Dr. William “Paranchych, thé Department of Biochemistry, 


University of Alberta. 


B. Procedures for the experiments with Fphe and Ftyr Amino 


Acids 


Studies of the Effects of Bicarbonate Buffer 


The samples were prepared by weighing out the appropri- 


ate amount of fluoro-amino acids, 3-fluoro-benzoic acid 


(Fben), sodium bicarbonate (NaHCO;), ammonium bicarbonate 


16 


i ot ea 
; 
abhor) sx Corina) tag JT! 


i 
sina od. PenlLIwo eather liege eS sis ‘i b¥eo algiiessaa oft 


ehved .28) pyesomed fsbimedd: Amp te mete Oenaadda S7aRy 


sbiko mseitedued ais senaitqesxrs onfesiied eeg nam Ff 
‘as 


Ay 
Lasimend TeAnG, Tel mo31) shiacw¥rd 5 atthomme 5a +8 Av B.D) e 


ar 
| 


Aa 
o L 7 ; 7 . —_— " i 

fev §663est telicr? mesa >is. ma pie tesd ontd 
: _ 


 beomdsih Vesigetasodétd Sek-ort .. gott sai pucd sew { 


ebisihaggiesh. Mboboe st2 ;. 4.2.0 they perurine BLE ds at 


satanodwes di mikihee Sas). mupheqis afte ba Rye See 
; rr 
| | ! a? 
= « ¥ s at e ud : ¥ 
Sfoe Divo oetByi Gns ao tergagia- «> On “aren ty Lis ond Bt 


ps us 
,stenep .<6ata nko inéfha (Ge iP. Seeetwersed ssitaon 
a (93H 886 3805) *2rsA enrasde. VIS Vea atl 
ae 

(tsa? - Gh ee 238. . OF) SeBa ii Pah Bel thee | ¢e 
ve) lates ali oley ;fsefccd eieiist> 120 wad bod tate oF 
Ue 

@o25 id2it' 4. ewe Speritc hisagcbd. Ere aa, varkot bene 40 sl 
MtTAMORSOIe FO seer ted fade in a hin wart ti 


trae te) wd Me 


Gaiwk ryt t bas athe atin 2toemiioces eit 703 2s hao 


ma r 
i j 
iy, : : A 


, v eettee stenoduesid te auseais vedts 39 
: +itaisage ods wes pofdgiow ee beragety, oxelr cae 
a “le stosned-oteutt~% 1ahibe: outst ates? a6, 

Tsieaimiaadl mur kieomihe, RY 88 


17 


(NHyHCO3) and/or sodium mono- and di-phosphates, placing in 
eovialivand: adding 99.75% deuterium. oxide: ).(DgO0)icito — the 
correct volume. (No special drying or purification pro- 
cedures were done prior to use.) 

The experiments showing the effects of the bicarbonate 
concentration on the '*’F NMR resonances of Fphe and Ftyr 
were done by preparing two "Stock" solutions: 1) no sodium 
Pacarponaices vpH 4:9.0jaiand:.2) 1.2 M sodium bicarbonate 
(pH 9.0). Each contained 3 mM Fphe and Ftyr and 99.75% 
deuterium oxide. They were mixed to obtain intermediate con- 
centrations of the bicarbonate buffer. 

The pH titrations were followed using a Radiometer 
(Copenhagen, Denmark) pH meter fitted with a microelectrode 
and the pH was adjusted by the addition of either sodium 


deuteroxide or deuterium chloride. 


Determination of Solvent Isotope Induced Shifts 

Thee Bpohey/Ftyr “aminossacadiisamples used for the S1isS 
studies were prepared by first making H20 and D20 solutions 
containing Fphe, Ftyr and the other components to complete 
the mixtures. The two solutions were then mixed to obtain 


the range of D,0/H,0 ratios. The D,0 content of the sample 


was calculated by: 


volume D,O solution x 99% = %D20 
volume D20 solution + volume H20 solution 
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The D20 used was 99.75% deuterium oxide but the amino 
acids and buffers were not deuterated. Only the NH,HCO3 con- 
tributed enough water to lower the deuterium content below 
e2-0h% Thuseythe "D0 buffer" solution» that wasemadesusing 
NH,yHCO3; was taken to be 99% D20 while that made using NaHCO; 
was 100%. (These were also the D,;0O values used in the calcu- 
lations of the D,0 contents of samples containing coat  pro- 
tein in micelles or vesicles.) 

The errors in the SIIS values were determined as_ fol- 
lows: 

Theverror? in wthes) chemical’, shifts) data: )(AS)Pttn jopm 
depends upon the digital resolution, which can be calculated 
from the acquisition time (AT) of the spectrum and the spec- 


trometer frequency (SF): 


1 
AT DCSE 


> 
ron) 
il 


The error in the SIIS values is then given by: 


Sll'Ss Su Ose 0g. oN ee lds ies 


ASIIS = [A Sane 1S + (Abity oem a COAST TS tre) telete 2 


The synthesis of the N-acetyl-, methyl ester derivatives 


The procedure’ used for the synthesis of the methyl 


esters of Fphe and Ftyr were modified from that of Brenner 


and Huber (1953). The reactions were done as follows: 
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Three ml (74 mmole) of anhydrous methanol were cooled 
ina dry ice-acetone bath before dropwise addition of 
0.78 ml (11 mmole) of thionyl chloride. Mechanical stirring 
of the methanol solution was used to achieve vigorous 
mixing; a stirccing “bar iisenot sufficient..100 mg? (0.5«mmole) 
of Fphe (or Ftyr) were then added slowly to the solution. ®? 
(The above steps should be done such that the temperature of 
the reaction never gets above -5°C.) After the addition, the 
Suspension should be allowed to warm to room temperature, 
then slowly heated to 40°C (with stirring) and kept at that 
temperature for 2 hours. Fphe and, particularly, Ftyr are 
not very soluble in methanol but their methyl esters are. 
Thus, a clear solution indicates completion of reaction. (An 
alternative procedure is to allow the Suspension to come to 
room temperature, then leave stirring for 24 h.) 

The solvent was removed by rotoevaporation and the 
residue redissolved in a minimum amount of methanol. Ether 
was added, until the methyl ester hydrochloride precipitated 
(several volumes required), then re-rotoevaporated to 
dryness. White crystals were obtained. If moisture and CO; 
are eliminated during the reaction, an 83-86% yield may be 
expected. 

The method of N-acetylation of Fphe and Ftyr was sug- 
gested by Dr. C. Hamilton (personal communication) and Huang 


>The procedure of Brenner and Huber (1953) used molar ratios 
of 7:1:1:1 for methanol:thionyl chloride:leucine. Fphe 1s 
quite soluble in the methanol while the Ftyr is not, so an 
excess of methanol/thionyl chloride was used to enhance the 
solubility and the subsequent reaction of (particularly) 
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and Niemann (1951), as follows: 

The methyl ester hydrochloride product (above) was mixed 
with one equivalent of anhydrous sodium acetate and 10 
equivalents of acetic anhydride plus a drop of pyridine (all 
at 0O°C). This was stirred for 1/2 hour at 0°C then allowed 
to come to room temperature and stirred for an additional 
24 hours. To stop the reaction, the acetic anhydride was 
decomposed by the addition of approximately 1 ml of water 
containing 0.4g sodium bicarbonate. The solution was 
extracted with chloroform (15 ml) then the organic layer was 
washed with 1M HCl, then shaken with solid NaHCO;. The CHCl; 
layer was decanted off, and dried, resulting in an oily 
residue. The final product was crystallized from the residue 
in ethyl acetate. 

Synthesis of N-acetyl Ftyr results in the O-acetylation 
Stathesi phenolic shydroxyl cgroup.taTo “meémoverithiss! without 
removal of the methyl ester, the blocked Ftyr was dissolved 
in a minimum of chloroform then a catalylic amount of sodium 
methylate was added. Sodium methylate was prepared by adding 
a small piece (2 mm in length) of sodium metal to 10 ml 
anhydrous methanol. After it had dissolved, two drops were 
added to the blocked Ftyr in chloroform and left standing at 
temperature for 2 hours. (At this time ‘H-NMR showed 


room 


that the reaction was complete.) It was then rotoevaporated 


to dryness. 
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C. Preparation of Fphe and Ftyr Labelled M13 Coat Protein 


E. Coli Preparation 

Escherichia coli KA197 and AT2471 were used to 
synthesize Fphe or Ftyr labelled M13 coat proteins, respec- 
tively. In each case they were tested for being auxotrophic 
for phenylalanine or tyrosine by growing a loopful of the 
eycero! ‘stab. \in L broth: (rich medium, see Appendix A), 
streaking onto an L broth plate, picking isolated colonies 
with sterile toothpicks and streaking on two minimum medium 
plates (see Appendix B): one with and one without the 
required amino acid. The plates containing the amino acid 
were grown at 37°C for 24 hours, then placed in a 4°C 
refrigerator. The plates without the amino acid were allowed 
romremain atr37°Cifors48.hrs. The:;innoculum, cudture;#was 
Started using a picked colony that had no signs of growth 


(revertants) on the "minus" amino acid plate. 


Phage Preparation 


Before the growth of Fphe- and Ftyr-labelled M13 coat 
proteins, the phage was purified as follows: the phage stock 
solution (containing ~10'' plaque forming units (pfu) / ml) 
was titered as described below. A "normal" plaque was 
removed from the agar and placed ina 1ml early-log-phase- 


culture of the E.coli auxotroph that would be used. It was 


grown at 37°C to late log phase, then transferred to a 500 


ml culture of E.coli in early log phase. When this had grown 


nS 


Bauoiis sxoWbroc onims add sucdit iw copeghg ot? 


éiuoip’ to anpie sie 1sdde elos: Sates ~ ew, Phare 


‘Ss 


Joete a agonal ada, canyC lo? ®a Deiiiiaug cay ‘epatig ‘git Bh 
un NS asa anu giducsea supeilq an *pdensazabel | cae 
2BM “aupate "bee mR “ywatad ‘Spd eaeHeB AS. bw sit 
| bay: Bat vines | ai ra, nt bid = sare ait nee 


ethy  vanbwtdga té° LIM bol ede ro areee 


idob stants Garten 107 haseg2 S798 vot? S2R0 ftwe. OF 


AnNoabec sofa fon? cnidsio ,4eho 7 eefora aia cine 


Foam mumtaasmioR? Ao ptitess 22) on S aeraisaes ai tyeaey 


bes Gniite SEs RAIA LE TnOS 787610“ Osos Snes 


> 


dike tard Hypo ETM bel lode 141t Bee Sgt te ise " 


a 


r coh rennet 
eps) eee. (TESTA, poe) SET Ad ; Pe iid = 


4 


to \ddAdeol. ¢.chivogs gd ealgoresam eniucio ks 


wiSaaddh 282. euibe 70 ee ites. a he gate 


HeiayiM Jjano Gris sno” 4 Sep rbhipae oad 


yi : 
4; i” 


‘ J - . s 5 i 

e nt. Bbeseac prt 2ugon 4, "Sao Ve fate 
A 

roNe 


Be. 
euustue’ metodo “edt “ Vibad. Meda JOTI E ioe! 


Veieig BII8 oorws “euadQ" Bad no (ees 
. nN 

4 

a 


Faces Sim, Salad Tees! BS. ~puae 254 pavers aa ate 


ae Nh, 


RAs 


Ai j ; ion ¢ * 
2 a” te a nn ty 3 ow 
PL a eee . : Mine ps _ 

a esc chain : 


22 


Eo? date® log’ phase “at 37°C) “*the flask was placed in the 
Berrigeratorimat 4°C*to cool; 

ane -Fcultureewas* %centriftiged® WAS sterile “bottles at 
15,000xg for 10 minutes at 4°C to remove the bacteria (the 
cooling of the culture improves the "pelleting" of the 
Peco) .oThesstpernatant ‘was’ colléctéd®* “and placed in@%a 


Seerileritask.aThée titersof Gthis*stock is ~10'": pfu/ml. 


Phage Titer Determination 

The phage concentrations in culture solutions were 
determined by first making dilutions of the phage solution 
with sterile buffered saline (see Appendix A) of the order 
Oem Oua LtO tvandol07 1%)..°O.. Pom “of the “d¥lutions “was “"added 
somoowletml: Baliquots” of "an overnight —'h.colr culture) and 
incubated for 5 minutes at 37°C. These were, in turn, added 
Soetss til quantitiresvof 50-55°C *top “agar? *mixed'and “poured 
onto warm bottom agar plates. After setting, the plates were 
imoubated) late 7°C “front 8! Co 12 shours Sunt Pl cont fluent -growtn 
was achieved. (The plaques were visible as less opaque spots 


in the top agar!) The’ titer was calculated as: 


Titer = # of plaques x dilution of phage stock 


Ont ml of dtiutioniplaced 


plaque forming units (pfu)/ml 
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M13 Phage Growth in Ten Liter Fermentors 

Both Fphe- and Ftyr-labelled M13 coat proteins were 
grown in 10 1 fermentors‘, using the M63 minimum medium. It 
was found that the phe auxotroph, KA197, could grow using 
Fphe only, while the tyr auxotroph, AT2471, required L-tyr 
mom—be present at the start, then an excess of Ftyr added 
later. The details are as follows: 

The fermentors were prepared the day before to allow 
overnight equilibration. For Fphe incorporation 100 ml of 
0.8% Fphe per ten liters was used, while for Ftyr incorpor- 
ation 5 ml of 0.4% L-tyr was included in the minimum media 
(see Apendix A). A 10 ml culture of L broth (see Appendix A) 
was started the morning of the day before, which was used to 
innoculate a ~500 ml L broth culture the night before the 
fermentors were to be used. 200 ml of the culture was trans- 
Berredatio ieach ifermentorm tovobtain) a istartang Aco on =: 01.05). 
Mite mers ihr wethe Ae olvdoubhed eto! 0...) (thiisne correspondsiw to 
Wad ®* arcelds/mi!)is Atiethis: ttime! a i207nfoldi excess) ofoM1 3) istoek 
culture (see above) was added (~200 ml). For the growth of 
Ftyr-labelled M13 phage, 10 minutes after the addition of 
the phage, a 10-fold excess of Ftyr (100 ml of 0.4% 
D,L-Ftyr) was added. The fermentor cultures were grown until 
late log phase (Asoo = 0.6 - 0.9), adding antifoam B as nec- 
essary to prevent frothing. [The fermentor settings included 


@hemarr: pressure: =)(30. (arbitrary undits )phesta nner ep 9200  eopm 


and the temperature = 37+0.5°C.] The temperature regulation 


*‘P.E.C. Fermentor, Chemap AG, Mannedorf, Switzerland. 
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(done by the mixing of hot and cold water and its 
Circulation through tubing in the vat) was then turned off 
to allow the cold water to cool the culture to 15°C. The 
E. coli were removed from the culture by centrifugation at 
40,000 rpm with a Sharples continuous flow centrifuge® at 


BEC. 


Phage Purification 

M13 phage purification involved the precipitation of 
the phage from the culture medium supernatant, two washes 
with detergents to remove lipid contamination and a 
CsCl-gradient centrifugation. The details are as follows 
(modified from that of Wickner,1975): 

The supernatant (above) was made 2.5% polyethylene 
glycol-6000 and 0.5 M sodium chloride, and was placed in a 
4°C cold room for 5 days (or until the phage had settled). 
The medium was then decanted and 0.01 volume of Triton X-100 
was added. This was stirred vigorously for 1 hour at room 
temperature; then the phage was pelleted by centrifugation 
at 22,100xg for 10 minutes at 1°C. The pellets were resus- 
pended in 250 ml of 1M NaCl, 0.1 M Tris-HCl (pHi 77-5) sandas 
Sarkosyl 97, stirred vigorously for 1 hour at room tempera- 


ture; then the phage reprecipitated by the slow addition, 


wmeeneestirring, of polyethylene glycol-6000" to) 2457-8 rhe 


Suspension was centrifuged again. The phage pellet was dis- 


Selved in ~15 ml of 0.05M Tris-HCl (pH 7.5), 1mM EDTA and aim 


> Cepa-Schnell-Zentrifuge, Carl Padberg, Lahr/Baden. 
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NaCl otrSolid CsCl «was added to a density).of) hw29 ‘9 /mi fone 


quantity determined by the following equation: 


wt of CsCl added = 0.4351 x (wt of sample) 


20 g CsCl causes a volume change of 5 ml; therefore, if 


a certain final volume is desired: 


Final volume = volume sample + y + (5x0.4351)(wt sample + y) 
20 


wt CsCl = 0.4351(wt sample + y) 


y is the volume of buffer Pecuied to make the desired 
final volume; the density of the buffer is assumed to be 
~1 g/ml, thus the volume of the buffer added is equal to its 
medgnt.. TO .fillswtwo TSO rotor tubes (10.1 ml/tube)> Jone 
sets the final volume = 20.2 ml and solves the equation. 

The solutions. were ‘centrifuged at- 607,000xg for) 36 
hours iat 15°C, ‘The. tubes ‘contained three’ identifiable 
regions upon visual inspection: a lipid crust at the surface 
(the more vigorous the detergent washings, the less this 
was); a purple-tinted band immediately below the lapid whieh 
is the phage; and pellet at the bottom of the tube. The 
purple band was removed from the tube by putting a capillary 
tube (with tygon tubing attached) to the bottom and drawing 
Mheliisolucion out (using a peristaltic (pump, vicollectiag 
fractions. The fractions containing the phage (by either 


visual or Azeo inspection) were pooled and dialyzed against 
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a total of 3 1 of 0.05M Tris-HCl (pH 7.5) and 0.1mM EDTA 
with at least 3 changes over 3 days. The phage solution was 
then lyophylized. Typical yields from 20 1 preparations were 
~350 mg Fphe- labelled phage and ~600 ma Ftyr-labelled phage 
(including the weight of the Tris/EDTA (~100 mg) buffer in 


the phage solution). 


D. Procedures for the Experiments with DOC Micelle-Bound M13 


Coat Protein 


Preparation of DOC Micelle-Bound M13 Coat Protein 
Micelle-bound coat protein was prepared as follows: 

15 mg of lyophylized M13 phage (as above) was placed ina 18 
x 150 mm tube. 1.0 ml of 10mM Tris-HCl (pH 8.0) was ‘added 
and the mixture gently swirled to moisten and, at least, 
Partially dissolve the phage. Then, 1 ml of 0.1M 
Na(NH,)HCO;, 70mM sodium deoxycholate (DOC) and 200 ul of 
chloroform were added. This was shaken at high speed for 3 
hours (or. until the solution cleared) at 37°C. The clear 
Sample was placed on a 44 x 1.6 cm Sephacryl*® $200 column, 


which had been equilibrated with 0.1M Na(NH,)CO3;, 8mM DOC, 


and the column was run using the same buffer. A_ typical 


elution profile is given in Figure II-1. The fractions 


containing the coat protein in micelles were pooled and con- 


centrated to ~1 ml using an Amicon concentrator and a YM10 


Amicon’? membrane. An. aliquots of 0.1M Na(or NH,)COss\pHe9.0), 


j den. 
‘ Pharmacia Fine Chemicals, Uppsala, Sweden. 
"Amicon Corporation, Scientific Systems Division, Danvers, 
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ABSORBANCE AT 280 nm 


Figure II-1 


Pad | 


FRACTION NUMBER 


The Sephacryl S200 elution profile of 
DOC micelle-bound M13 coat protein. The sample 
waS prepared using 30 mg of Fphe-labelled M13 
Phage, using twice the amounts of buffers/CHCl; 
given in the text, and was run using 0.1M 
NH,HCO; (pH 9.0)/8mM DOC. Peak A is a mixture of 
M13 DNA coat protein (protein B) aggregates and 
attachment protein (protein A). Peak B is the 
DOC micelle-bound coat protein. Vo is the 
excluded volume of the column while V; is the 
included volume (determined by including *H- 
cholic acid). Each fraction contained 1.5 ml and 
was collected using the flow rate determined by 


gravity. The column size was 44 x 1.6 cm, 
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8mM DOC, made using deuterium oxide (D,0), was added and the 
Sample reconcentrated to 1.3 ml to obtain D,O in the sample 
for NMR spectrometer locking. The calculation of the D20 


content is given in section II-B. 


Chymotryptic Fragment Purification 

The chymotryptic digestion of the Fphe- and 
Ftyr-labelled M13 coat proteins in DOC micelles (see Chapter 
IV-A) were done at 277°K and monitored by '*°F NMR as_ shown 
in Figure IV-17. NH,yHCO; buffer was used for this experiment 
so that the buffer may be removed through lyophylization. 
The preparation of the digestion mixture for the paper 
electrophoresis separation of the hydrophilic fragments was 
as follows: 

The micelle component may be separated from the hydro- 
philic fragments by either running the sample down an S200 
column (the micelles elute at the void volume, indicating 
that aggregation has occurred, and the hydrophilic fragments 
elute just before the included volume), or by precipitating 
the micelles by the addition of 0.5 M fOrMmicvaciidy With 
Stirring, until “pH 4. The precipitation step is done 
regardless of whether’ the hydrophobic protein fragments 
remaining with the micelles are to be saved, to remove the 


bulk Tof ‘the: DOoc®’ from! ‘the’ © sample. \ The precipitated) DOC 


Micelles were filtered by gravity ‘filtration, »wetting the 


Paper with pH 4 distilled water / formic acid and washing 
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the paper three times after the filtration. The filtrates 
were pooled and lyophylized. The residue was taken open 
distilled water and lyophylized 4 times to remove the 
ammonium formate present. The residue was dissolved in 10% 
pyridine, 0.3% acetic acid (pH 6.5) buffer and streaked on 
Whatman 3 mm or 1 mm electrophoresis paper (depending on the 
concentration of fragments: for 1 mm paper the peptide con- 
Centrationewas!~ 15inmole/ cm; “while fore 3,°mmutit’ was "e-30 
nmole/cm). The paper was run at 3000 volts for 50 min. After 
drying (~45 min.) either the whole paper (for analytical 
use, for example, Figure IV-7) or strips of the paper (for 
preparative use) were stained with 85% [1% ninhydrin in 
acetone], 15% [0.029M cadmium acetate, 5.8M acetic acid] and 
dried in an 80°C oven. For preparative paper electro- 
phoresis, ‘the bands indicated from the strips were cut-out 
and eluted with ~0.5 ml H20. 

Amino acid analysis was done on the separated fragments 
to confirm their identity. This was done by performing a 
20-hour acid hydrolysis of the fragments (in "constant 
boiling" 6N HCl, 0.1% phenol) at 100°C, evaporating the acid 


and having an amino acid analysis done on the resin. 


Solvent Isotope Induced Shifts 
The coat protein-micelle samples used for 7ne Sirus 
experiments were prepared as outlined at the beginning of 


this section (Chapter II-D). The D2,0 content for the M13 


coat protein-DOC micelle samples were varied as follows: the 
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S200 column fractions (in 0.1M NH,HCO;, 8mM DOC; pHi 0a 
H,0) were concentrated to 1.0 ml using the usual amicon con- 
centration procedure. An aliquot of 0.1M NH,CO3; and 8mM DOC 
(pH 9) in D20 (D20 buffer) was added, then the sample 
reconcentrated to 1.0 ml. This procedure was repeated to 
obtain increasing amounts of D20 in the sample. The % D20O of 
the protein-micelle samples was calculated as follows: if 
the volume of the sample to which the D,0 buffer is to be 
added is V; and the volume of the solution after adding the 
Bee DULLED ar Vy F"Val, SVG, and “rf the’; D206 *%in the sample 
before’ the addition of the D,0* buffer is ‘% Dz0;7,™ and- after 
the addition is % D20;,, then the % D20 in the new sample 


1s? + 


xX %& D0; cf: Va, x 99% = % D230, 


Vi 
Vy f 

Fo start with, %°D20;7 = OF >but? the*D2,0°contentsor the 
Sample increases with the addition of D20 buffer. Thus the 
¥ D200, before the second addition of the D20 buffer will be 


the value of the % D,0 after the first addition. 


The % exposure values were determined by: 


% exposure = SIIS(protein) x 100 
SI1S(amino acid(aa) ) 


d Shitt sec— 
*See Chapter II-B, the Solvent Isotope Induce t 
tion, eer the definition of the D20O content of the "D220 
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so the error was calculated as: 


Axexposure=%exposure|/ASIIS(protein))\ 7+ /ASIIS(aa)\2|°-5 
SIIS(protein) STIS (aa) 


Bnere the error(s)..in the protein SIIS values. were. deter-— 
mined by the same method used in calculating the amino acid 


Silo errors .(Chapter II-B). 


Circular Dichroism Studies 

The coat protein (micelle-bound) concentration(s) used 
for the CD experiments were such that the Azs>. = 0.5. This 
was related to the g/ml concentration of the Fphe- and Ftyr- 
labelled coat proteins in the solution by the use of their 
respective extinction coefficients, which were determined as 
follows: 

10 mg of each of unlabelled and Fphe- and Ftyr-labelled 
M13. phages were used to make DOC micelle-bound protein in 
Mico. sbuftfier... The «center tube, of. the. S200 elution 
fractions (see this Chapter, the DOC micelle-bound coat pro- 
bein, preparation section) foreach type of M13 coat protein 
were diluted to Acoso = 0.7, and measured. (An absorption 


Spectrum showed that all three types of proteins had absorp- 


tion maxima at 280 nm.) 100 ul aliquots from the samples 


were then lyophylized, acid-hydrolyzed and submitted for 


amino acid analysis. The concentration of the protein in the 


original tubes were calculated using the average of the 


moles of leucine hydrolyzed after 22 hours over the number 
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of aliquots (either two or three) that were taken of each 
type of protein. The molar extinction coefficients obtained 
are shown in’ Table II-1. 

The CD spectra in Chapter IV-B were run using Fphe- and 
Ptyr-labelled M13 coat proteins in micelles that were 
prepared separately to allow the measurement of the concen- 
tration of each type of protein, then they were mixed. The 
CD spectra were run on a Cary Model 60 spectrophotometer 
with a CD accessory fitted, and a thermostated cell. 
Column-eluant buffer (0.1M NH,HCO;, 8 mM DOC, pH 9.0) was 
used to set the zero value of the instrument. 

The a-helix content of the protein was calculated by 
averaging the CD data at three sets of two wavelengths: 
2h O/2:2 5) eal. 241.5/225)5—-ande—a220/225) as given in 
Chapter IV-B. The $-sheet and random coil contents were 
Obeaunediusinge the ‘Ma-helix results. The errors “in the 
% a-helix, % f#-sheet and % random coil data, given in 
Figure IV-15 were calculated as follows: The ellipticity, 306) 
is calculated by the sample ellipticity (6,) minus that of 


the blank (6,), thus the error in @ is: 
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Table II-1 


The molar extinction coefficients for Fphe, Ftyr 
and unlabelled M13 coat protein at 280 nm 


Phage e' 

Fphe 86304510 

Fpyr 8220£590 
unlabelled 8290+460 
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The mean residue ellipticity [@] is calculated by: 


thus 


Diheamequakaonssl for mai X/225)r 1 € ipeX/ 225) ,i and random 


©€011(X/225) (given in Chapter IV-B), are of the form of: 


COX /.2 2500 Ha irl Olea ike) Ken soachkeeloGue + Ka) hs 


Ky 


8 (/2205)0 =s1b6 lehet Keen (e225) ike 


Ky 
random coi lX/225)er= Wis a R22 5) = eB 225) 


therefore, the errors will be: 


Aa(X/225) = [(Al6].K2)* + (AL@}ozsKs*J°°* 
K 
Rex e225] (ALC ae (Aa(&/225)K,)7]°:°® 
6A 


Avandomecoil(8/225)-= ((a(k/225))4 + A6Ux7225)0 
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E. Procedures for Experiments with Vesicle-Bound M13 Coat 


Protein 


Reconstitution of M13 Coat Protein into Phospholipid 
Vesicles 

M13 coat protein is an ideal membrane protein for phys- 
ical studies due to its small size, the ease with which 
"gram-quantities" of it may be purified, and its amino acid 
sequence istknowne Its one: draw-back, “though; *isouthat lait 
does not have a measurable activity, so it is difficult to 
know whether a certain preparation procedure is perturbing 
co srtsiestructure vornotswWithethis uncertainty %in mind, 1 
have attempted to develop the most gentle reconstitution 
techniques possible to produce uniformly small, unilamellar 
vesicles, containing sufficient quantities of coat protein 
to allow ‘°F NMR studies to be done. As a result, the 
procedure has evolved from a urea-cholate to cholate method. 
Both procedures, however, required sonication to produce the 
small vesicles. A recent improvement, obtained by increasing 
the amount of cholate (modified cholate procedure) will 


allow the removal of the sonication step. 


Urea-cholate procedure 


The coat protein, whether Lr one pne= or 
Ftyr-labelled phage, was extracted from 30 mg of phage 
into DOC micelles. The micelle-bound protein was 


dialyzed in Spectrapor 3’ dialysis tubing against, 


’Spectrum Medical Industries Inc., Los» Angeles; Ca.,. USSSA, 
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PErStyredyilh of«"40mM NHGHCO,7@pHEo .Opvthenhe4 DlotvHse 
over 4 days to remove the DOC. It was lyophylized to 
dryness. 

400/50/50 mg of dimyristoyl-phosphatidyl-choline 
(DMPC)/dipalmitoyl-phosphatidic acid (DPPA)/cardiolipin 
wevemiplacedsi'inM ariround. bottom flask. This was 
ROtOevaporated® toi c0.5) mlalitheny6eml of benzene andacs 
drops of water were added. The flask was swirled until 
the lipid was dissolved, then strained through glass 
wool in a pasteur pipette. It was rotoevaporated to 
dryness then placed overnight either in a vacuum chamber 
connected to a vacuum pump or in a desiccator with a 
piece of paraffin wax using the house vacuum-line. 

The next day the lipid was taken up in 6 ml of 
urea-cholate buffer ‘° and sonicated for 10 min at 60 W 
power''., 15 mg of each of the labelled lyophylized coat 
proteins were placed in a tube and the lipid solution 
was added to them. The tube was gently swirled at 37°C 
Ontidithe, protein wasS dissolved. (By this time the 
translucent solution had become whitish, suggesting that 
vesicles had been formed. ) Et was placed in 
Spectropor 6'? dialysis tubing (molecular weight 
cutoff=1000) and dialyzed against a total of 41 of 


10 mM Tris-HCl (pH 8.0), 0.2 mM EDTA, 10% methanol over 


'© Urea-cholate buffer contained 2% sodium cholate, 0.1 mM 
EDTA, 20 mM (NH,)2SO,4 and 5 mM Tris-HCl, pH 8.0 
‘tusing a Braunosonic 1510 sonicator, Canadian Laboratory 


Supplies Limited, Edmonton Alta. 
Bc neet Eun Medical Industries Inc., Los Angeles;\Ca. Uso en 
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72 hours with changes three times a day. The dialyzed 
protein/lipid solution was layered over 5 ml of 10 mM 
iris-HCl *CpH 8.0), °1 MM EDTA in’éeach of ‘two T150 eubes 
and centrifuged at 15°C-in a Ti50 rotor at 110,000xq for 
4 hours. The pellets were suspended to a total volume of 
9.0 ml with 60 mM Tris-HCl, 1 mM EDTA (pH 8). The sample 
was then divided into#2x4.5 ml samples. Each, /in’ “turn, 
was flushed with nitrogen for 5 min, then sonicated at 
60-100 W power for 25 min, and was run on a_ Sepharose 
Cl-4bae “column. using) 60° mM Tris-HCl /tymM“EDTA \(pHVs) 
buffer. The elution profile is shown in Figure II-2. The 
Eractrons following the major, peak=(starting from ™5 
tubes after the fraction with the highest A3o9,. value 
until A300 2 the baseline value) were pooled from both 
samples and concentrated in a dual cavity (100 ml/10 ml) 
Amicon §'concentrator®* to 15 ‘ml. 60 mM “Tris-Hel7 1) mM 
EDTA (pH 8.0) in-D,0O was added for the deuterium spec~ 


trometer lock, and the sample was reconcentrated to 


fees Muah ay a Be 


Cholate Procedure 


The cholate procedure for making vesicles was the 
Same as the urea-cholate procedure, except that urea was 


left out of the solution used to solubilize the lipids 


and the coat protein. 


‘23Dharmacia Fine Chemicals, Uppsala, Sweden. 


‘*Amicon Corporation, 
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ABSORBANCE AT 300 nm 
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FRACTION 


Figure II-2 The Sepharose CL-4B column elution 
profile of a sample containing coat protein 
reconstituted into phospholipid vesicles after 
sonication. The sample was prepared as 
described in the text. The major peak (fractions 
16-20) contains large vesicles and lipid-protein 
fragments. The peak eluting just after the major 
peak (fractions ~22-35) is from small 
unilamellar vesicles (SUV)'s. The latter 
fractions were used to make the NMR sample. Each 
fraction contained 50 drops (2.4 ml) and the 
column was run by gravity. The column size was 
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Modified Cholate Procedure 

The above procedures’ for making vesicles did not 
result in consistently good preparations. It was found 
that the problem was due to the insolubility of the coat 
protein in the aqueous solutions used, SO two 
modifications were made to the Cholate procedure: 

1) the amount of cholate was increased in the 
solution used for dissolving the protein and lipid; 

2) the coat protein in micelles was added directly 
to the lipid/cholate solution and was not dialyzed and 
lyophylized as in the Cholate and Urea-cholate 
Procedures. The details are as follows: 

100 mg, rather than 500 mg, of lipid (80 mg DMPC, 
10 mg DPPA and 10mg CL) were solubilized using 6 ml 
benzene and 6 drops of water, as described in the 
Urea-cholate procedure. After overnight evacuation, 5 ml 
of 60 mM Tris-HCl (pH 8.0), 1 mM EDTA was added to the 
lipid and’: the = flask siswinledi until ithe »brpid® was 
suspended. A cholate/Tris-HC1/EDTA solution was prepared 
by adding 1 g of cholic acid to 10 ml of 60 mM Tris-HCl 
(pH 8.0), 1 mM EDTA and adjusting the pH with 1 M NaOH 
as it dissolved, so that the final pH was 8.0. The final 


concentrations were 46 mM Tris-HCl, 0.77 mM EDTA and 


joan soaium -cholate. 1.6 ml of this was added to the 


lipid suspension resulting in a _ change from a white 


t ion (the molar 
suspension to an "almost clear solut ( 


ratio of cholate:lipid was ~2). 
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Fifteen mg of each of Fphe- and Ftyr-labelled M13 
phage were used to prepare labelled coat proteins in DOC 
micelles) as outlined tin &Chapteér ulfI=p. »eThe brfracebilons 
from the $200 column were pooled and concentrated to 
1.3 ml. This was added, dropwise with stirring; Eto Wehe 
lipid/cholate solution at room temperature. The 
turbidity of the resulting lipid/cholate/coat protein in 
DOC micelles solution did not change. The mixture was 
placed in Spectropor 6 dialysis tubing, as described in 
the urea-cholate procedure. It was dialyzed at 4°C for 
87 hours against a total of 4 litres of 60 mM NH,HCO; 
(pH~8.2), 1 mM EDTA with 6 changes. The lipid/protein 
mixture went turbid after ~24 hours, indicating vesicle 
formation at that time. The dialysate was layered over 
4 ml of 60 mM NH,HCO; (pH~8.2)/1 mM EDTA in two Ti50 
tubes and was otherwise handled by the same procedure 
Given iin the Urea=cholate€ procedure ;). excepto that P.the 


Sepharose CL-4B column buffer and D20 buffer were 60 mM 


NH,HCO3;'°5(pH~8.2), 1 mM EDTA. 


Determination of Phospholipid to Protein Ratios 


Determination of the Phospholipid Concentration 


The procedure was adapted fromy Raheja, etal. 


(1973). It measures the phosphorus content in the 


i d with chymo- 
'S’These particular vesicles were to be digeste 
trypsin Se NH,HCO3; (without being pH adjusted) was used 
to allow the lyophylization of the buffer and the subsequent 
Paper electrophoretic separation of the cleavage products. 
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samples, rather than the phosphate, thus problems with 
trace quantities of phosphate detergent in the Sample 
tubes was not a problem. Four solutions were prepared: 

Solution I contained 16 g of ammonium molybdate in 
120 ml of distilled water. A few drops of HCl were 
required to help dissolve the molybdate. 

Solution II contained 10 ml of redistilled mercury 
added to a mixture of 40 ml concentrated HCl and 80 ml 
of Solution I. The mixture was stirred for 45 min, then 
filtered. The reddish brown filtrate was Solution II. 

Solution III, a dark green solution, was made by 
Bhetcareful additiony,twith stirring;su0ts aasmixtureibot 
200 ml of concentrated H2:S0O, and 40 ml of Solution I to 
Solution LiL. 

Solution IV, the chromogenic solution, was prepared 
by themeslowssaddition# awiehrtstarrangp, lot li2Se mia oe 
Solutionathl kb tosavmixture ofF45ambiofemethanol, &5emi gor 
chloroform and 20 ml of distilled water. (This solution 
has a shelf-life of at least three months.) 

The assay procedure was as follows: Five aliquots 
were taken from each of a chloroform solution containing 
a known quantity of dimyristoyl-phosphatidylcholine and 
the aqueous solution containing the coat protein 
vesicles. The size of the aliquots were chosen to give a 
range of lipid phosphorus from 0.5 to 10 ug (usually the 


coat protein in vesicles sample had to be diluted ~30 


times with water). The tubes were placed in sa 100°C oven 
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until the solvents were evaporated. After cooling the 
pubes; 0-4" ml of chloroform ‘and 0.2 mi of the 
chromogenic solution were added and vortexed for 30 sec 
Paci pThe rack of tubes was (placed) sin ja boiling 
Wawel paeh fOr 3 min; then after COOLING), iSiumimos 
Chboroform, 3% methanol was added. Each tube was vortexed 
BOL a minute. The samples were centrifuged in a 
counter-top centrifuge for 3 min to separate the layers, 
then the absorbance of the organic layer at 716 nm was 
measured. Chloroform containing 3% methanol must be used 
as the spectrophotometer blank; a sample that does not 
contain any lipid, but has been assayed as described 
above, gives an Ajz;,— that is not co-linear with the 
absorbances at 716 nm of the 0.5-10 ug lipid samples. 
Mite stinat CcOLOuUr 1S Stable for: S*hours. 

The moles of Lipid present in ‘a-~mirliiiliters ores 
coat protein in vesicles NMR sample was calculated by, 
first, averaging the micrograms of phosphorus present in 


a unit volume of sample (Z), then solving the following 


equation'®: 


Sabi sey Ap | ml)xdilutionx107*(g/ug) x 7.29(mole li id) 
31(g P/mole 7.93(mole P) 


Nese) ipids of the vesicles containing coat protein were 
DMPC, S Ep Arai CL (80:10:10). CL has two phosphorus 
atoms/molecule, thus the moles of phosphorus are greater 
than the moles of lipid by the ratio given. The ratio was 
determined assuming that the molecular weights of DMPC, DPPA 
and CL are 678 g/mole, 671 g/mole and 781 g/mole, respec 


tively. 
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where dilution = volume of diluted s le 
volume of sample assayed 


THe==serror’ in this caleulation was determined as 


follows; 


Bipeak AZ * (+ GANG 2 oe GAY. 2 os 
Z ve Vv. 
where V, is the volume of the diluted sample and V, is 


the volume of the sample that was diluted. 


Determination of the Protein Concentration 

The procedure used to meaSure the protein content 
of the coat protein in vesicles sample was the Hartree 
protein assay (a modified Lowry procedure) (Hartree, 
1972). Three solutions were made: 

Solution A contained 10% sodium carbonate and 0.2% 
sodium/potassium tartarate in 0.5 M sodium hydroxide. 

Solution B had 2% sodium/potassium tartarate and 1% 
copper sulfate pentahydrate in 0.1 M sodium hydroxide. 

Solution C was made just before using and contained 


1 ml of Folin-Ciocalteau phenol reagent and 14 ml of 


An aliquot of the. coat) DELOtelm =n wesrerece 


sample'’? was diluted 20 times with water and dispensed 


into 5 tubes. As well, aliquots of a solution containing 


a known amount of bovine serum albumin were measured 


'’The sample could not be in Tris-HCl buffer, as the Trizma 
base reacts with the reagents. 
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into 5 other tubes. In both cases the concentrations of 
protein were between 0 - 50ug protein/tube. Distilled 
water was added to all tubes to make their volumes 1 ml. 
90 ul of 0.4% Triton X-100 was added to each tube. They 
were mixed using a vortex, then 0.9 ml of Solution A was 
added and mixed again. The rack of tubes was placed ina 
50°C waterbath for 10min. They were removed from the 
Waterbath ,l iablowed (to itcool rathen (‘100 wls cofic\Solutidn® 8 
was added and mixed. After sitting for at least 5 min, 
3 ml of Solution C was added to each tube and immedi- 
ately mixed thoroughly. The rack was placed in the 50°C 
waterbath again for 10 min. The tubes were removed - from 
the waterbath, allowed to cool and their absorbance at 
650 nm was measured. 

The protein content <in the coat protein in vesicles 
sample (P) was calculated by first determining the aver- 
age protein content per unit volume of each sample tube 


(Y), then using the following relationship: 


P(mole/ml ))'= yf ma)” &. idl ution xs nO seiitay udp 
5240(g/mole 


where dilution = volume of diluted sample 


volume of sample diluted 
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The error in the protein content measured was cal- 


culated using the following: 


APs Pi {AY\20¢ fAVG\2pte/AVv, \3 | °- 5 
Y Va ve 
where Vz is the volume of the diluted sample and Vegas 
the volume of the sample that was diluted. 


Themliprdi toeproteinrration (Ridwasy calculated by R 


= L/P, thus the error is given by: 


Chymotryptic Fragment Purification 

After the chymotryptic cleavage of Fphe- and 
Ftyr-labelled M13 coat proteins in vesicles (see Chapter 
V-A), the vesicles were separated from the fragments by gel 
faltrataddon.oniaeSephacryleS200 column (44x jp6eccmeisequir 
librated with 60 mM NH,HCO; (pH~8.2). The absorbance of the 


fractions at 230 nm was measured, and those fractions 


containing the chymotryptic fragments were pooled and 


lyophylized. The residue was taken up in 0.5 ml of 0.1 M 


NH,HCO, (pH 9.0), 8 mM DOC, then the DOC was precipitated 


and filtered as described in Chapter A II-D.'* The filtrate 


was lyophylized. The residue was dissolved in 2 ml distilled 


‘*This step was required 
which caused streaking oO 


to remove lipid contamination, 
f the paper electrophoresis. 
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water and lyophylized. This was repeated two more times. It 
was dissolved in 40 ul of DHo6n Seelectrophoresiss buffer: 
streaked over 4 cm on 1 mM paper, and _ the Paper Aelectroz 


phoresis was run as described in Chapter II-D. 
F. NMR Procedures 


Instrument and Equipment Description and Conventions 

The '’F NMR spectra shown in this thesis were run on a 
Bruker HXS 270 MHz spectrometer, operating at 254.025 MHz 
for fluorine, in the fourier transform mode, unless’ stated 
otherwise. The temperature was controlled using a Bruker 
Variable-temperature controller for temperatures above room 
temperature (~299°K), and the same temperature controller 
Simultaneously with a refrigeration unit'’ for temperatures 
below room temperature. 

‘°F NMR spectra and/or T, meaSurements were done at two 
other frequencies. The spectra and T, data at 141 MHz were 
collected .using).the Nicolet) -NT150 “NMR spectrometer of 
Drs. Ponsy Lu and Stan Opella in the Chemistry Department of 
the University of Pennsylvania in Philadelphia, U.S.A. The 
376 MHz spectrum was run on the Bruker WH400 spectrometer of 
the Chemistry Department of the University of Alberta. 

The !1°F chemical shifts were’ given «relative to the 
fluorine signal of trifluoro-acetic acid (TFA) at 299°K ina 


solution containing 1.67 mM TFA, 15 mM potassium phosphate 


ee ia a ie ee 


'*CryoCool, Neslab Instrument Incorporation, Portsmouth, 
Niet. BO VSYeaA. 
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(dibasic) 2 mM EDTA and 50 mM potassium chloride (pie7c Sannin 
P9e/5% deuterium oxide. The convention was taken that 
increasing field was decreasing frequency; ©Fphe- andl’ rtyr 
were resonating upfield of the TFA resonance, therefore 
their resonances had negative chemical shifts. The chemical 
shifts reported were those obtained from Spectra whose 
collection was started (at least) 20 min after the sample 
was placed in the magnet, unless stated otherwise ; this was 
found to be the equilibration time necessary for stable 
chemical shift values. 

The acquisition parameters used in the one-pulse NMR 
experiments are given in the Figure legends. The acquisition 
parameters for the experiments using modified pulse 


sequences are given in the next two sections of this 


Chapter. 


Relaxation and Nuclear Overhauser Experiments 

beh spintlatticelrelaxation times#o(T;) “were ‘measured 
using either inversion recovery or progressive saturation 
techniques, without proton Saturation. The inversion 
recovery technique monitors the relaxation of the '’F spins 
after a 180° pulse by varying the length of time (t) waited 


before the 90° pulse: 180°-t-90°-acquisition. The spectral 


Darameters used for the measurement of the Fphe and Ftyr 


residue T,'s of those labelled coat proteins in DOC micelles 


were: P, = 42 usec (180°), P2 = 21 usec (90°), *#5000 ‘Hz 


Sweepwidth 4 K data, 800 scans and a 5 sec delay between 
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cycles. The times (t) waited were: 0.05, 0.1, 0.2, 04 3%20'.4e 
Deon yo 8) e 16 Ovcand) 2.0) sec. 

The T,'s of the Fphe and Ftyr residues of M13 coat pro- 
teins reconstituted into vesicles were measured using a 
progressive saturation technique. This method monitors the 
steady-sState| magnetization of the  '’F spins after a-#90° 
pulse as they are allowed varying times, t, to relax: 
Se) -acguisition-t. Steady-state is obtained after the first 
few pulses. The acquistion parameters used to obtain the T, 
Spectra were: P2 = 17 usec (90°), a sweepwidth of +6300 Hz, 
2 K data and 15,000 scans. There was no delay between 
mransientks others than-thectimes, ts-0s15¢% 0.3% +04 45;,200% Ge 
O26, 1.0cand 1:58 sec: 

The nuclear Overhauser experiments required the 
Serurationssofesthe: iproton | spins,;»eprior to» therpulsesand 
acquisition of the fluorine spins. It was necessary to use 
both: 270ipass/254 stopsand 254 pass/270 stop cavity) filters 
tolavoia saturating the’ fluorine resonances, with the oprez 
irradiation of the protons; broad-band decoupling with 2.5 W 


of power centered in the proton aromatic region was used. 


The decoupler was off during acquisition of the fluorine 


signal. The spectra were acquired using a 19 usec (90°) 


pulse, a sweepwidth of +6300 Hz, 4 K data and 30,000 scans. 


There was a delay of 400 msec between transients. The NOE's 


were determined relative to a spectrum that was collected 


h 
using the same parameterS as above, except that the 


decoupler was set off-resonance. 
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The NOE's measured at 141 MHz used Cavityutd liters? * ito 
remove the fluorine frequencies from the decoupler pulse and 
the proton frequencies from the fluorine signal. The 
Mecoupler was gated off during fluorine acquisition. The 
Spectral parameters were? "an 225. sec (78>) spoulse wamea 
Sreceownathe of6+105 0000. Hz), 430%.000) scans of 825K | datasctand Ga 


delay of 300 msec between transients. 


Fluorine Chemically Induced Dynamic Nuclear Polarization 
Studies 

The CIDNP of a tyrosine molecule requires the photo- 
excitation of a dye and its interaction with the tyrosine 
(see Chapter IV-B). This was monitored using the following 
pulse/laser sequence: D,-L-D3;-P2-A, where Dy, was a delay 
between transients (9 sec), L was the time that the laser 
shutter is open (1 sec), D3; was a delay to allow the shutter 
to be closed (10 usec), Pz wasS the acquisition pulse 
(18 wsec (90°)), and A was the acquisition time. The other 
acquisition parameters included a sweepwidth of +2000 Hz and 
4K \datas~ The light and dark transients, referring to 


whether the laser was on or off prior to the pulse, were 


collected alternately. 


2° Sinclair Radio Laboratories Ltd., Downsview, Ontario. 
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III. Studies of the Two Amino Acids: Fphe and Ftyr 
A. Interaction with Carbon Dioxide in Bicarbonate Buffer 


Introduction 

The kinetics and thermodynamics of the interaction of 
carbon dioxide with water and amines have been studied for 
many years (for a review, see Kern, 1960). Initially, the 
reactions of COz and amines to form carbamate products were 
only of interest with respect to the study of the hydration 
heme ties kof 1COs/\(Faurholt asl1924)crknteérest Sin the) lreact ion 
of COz with amino groups increased greatly when it was 
postulated that this was the method by which hemoglobin (Hb) 
binds CO,. Since that time researchers such as Roughton and 
coworkers (1966,1970), Van Kempen et al. (1975), and 
Imaizumi et al. (1982) have done detailed studies using 
amino acids, dipeptides and Hb to determine the details of 
the reaction. Studies of the amino acids and dipeptides have 
typically depended upon the measurement of the CO2 in 
solution as either carbamate, using a BaClz precipitation 
technique (Faurholt, 1924) or as dissolved C02, using a CO, 
electrode (Roughton et a/]., 1966). Studies of Hb are often 


more complex, sometimes requiring the isolation of the 


Carbamino Hb (the carbamate form of Hb) and subsequent CO, 


gas analysis of the protein (Van Kempen, 197. Seis 
Nuclear magnetic resonance is a technique by which the 


Concentrations of the reactants may be monitored directly. 
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In particular, ‘*C NMR has been used by Gurd et al]. (1980), 
O'Leary et al. (1979) and Morrow et a]. (1974) to monitor 
carbamate formation in Hb, ribulose biphosphate carboxylase, 
and myoglobin, respectively (for a review, see Lorimer, 
1983). We have found that '*F NMR may also be used if the 
carbamate species are of fluoro-amino acids; the ‘°F NMR 
peectrae Of PFphentand!) Ftyrgolinioa solution of bicarbonate 
buffer (pH 9.0), contain resonances from both the free amino 
acid and carbamate species of each amino acid. Measurement 
of the concentrations of the carbamate products, using the 
NMR peak intensities, as a function of pH has allowed the 
determinations of the carbamate equilibrium constants. of 


these fluoro-amino acids. 


Theory 

Carbon dioxide has been shown to react with amines as 
follows: 

CO, + RNH, = RNHCO2H 

RNHCO2H == RNHCO2” + H* 
where RNH, is the deprotonated amino acid and RNHCO;H is the 


carbamate species. The overall reaction can then be written 


as: 


Ke 
CO2 ot RNH 2 — RNHCO 27 GF At he 
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The '°F NMR spectra allow the measurement of the con- 
centrations of both the free amino acid and the carbamate 
form of the amino acid as a function of pH. With these data, 
it 1s possible to determine Kc, the equilibrium constant for 
the reaction. 

From: Kern (1960) a,andy Roughton) etr al. -(1966)5 the 
equilibria present in a solution containing bicarbonate 


buffer and amino acids (in the pH range 8 to 12) are: 


RNH;* = H* + RNH;2 K, (1) 
RNH2 + CO2 = RNHCO2” + H* Ke (2) 
CO2 + H20 = H-,CO; KiGe (3) 
H2CO; = H* + HCO;3- K, (4) 
COE FGOHGE =. HCO3- Kae’ (5) 
HCO>sO.— | iH’ aticoga? Ke (6) 


Reactions (3) and (5) are known as the direct hydrolysis and 
basic hydrolysis of carbon dioxide, respectively. Reactions 
(3) and (4) are the dominant equilibria below pH 6 while 
reactions (5) and (6) dominate above pH 10. At intermediate 
PH's both mechanisms are present. To solve for the concen- 
tration of the carbamate species as a function of proton 


concentration, equations 3 and 4, and 5 and 6 will combine 


to give: 
CO2 * H,0 = Hage HCO34 Kin = Ki/Kn (7) 
CO, + OH” = H* + CO;3°’ Ken = K2/Ko (8) 


The dissociation of H2,CO; described by equation (4) has 


a pK < pH 8 (pK;= 3.76) therefore the concentration of 


H.CO; was assumed to be negligible. Hence, 
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Co = total concentration of carbonate species 


= [H2CO3]+[HCO;-]+[CO;~-?]+[CO,]+[RNHCO,-] 


tee. | 71006"? | +(CO>] 1 RNHCO.- | Go 
Ro = total concentration of amino acid species 
=[RNH;3*]+[RNH,]+[RNHCO,~] (10) 


Writing and rearranging the equilibrium equation for 
equation (2), one obtains the relationship between the con- 
centration of the carbamate product and the hydrogen ion 


concentration: 


[RNHCO,-] = kK, [RNH,] [CO.] Gti) 
7 


Substitution of equation (10) into the equilibrium equation 


for equation (1) and rearrangment gives: 


(125) 


[RNH,] = K,(Ro - [RNHCO,~]) 
| [H*] + K, 


Combining the equilibrium relationships of equations 7 and 8 


with equation (9) and solving for the concentrats on ofsCO, 


results in: 


[CO2] = fH ji: (@ig— [ RNHCO> a) ) Gi3)) 
[H*]? + Kens ny hice hor 
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Finally, substituting equations (12) and (13). into (11) 


gives the quadratic; 


ATRNHCO,-]? - B[RNHCO.-] + C = 0 (14) 
where Aare KK PH) 

Baa. D., Dg makokiekeobHtubRigwcGoe 

C = K.KzRoCo[H* ] 

ee LH) KS 

Boe fH)? 4° Kem a ake 


The analyses of the Fphe and Ftyr data using this 


relationship are given in the Discussion. 


Results 

The '*°F NMR spectrum of a sample containing Fphe, Ftyr, 
DOC?' and sodium bicarbonate (pH9.0) (see Figure III-1), 
Contains four sets of resonances: the resonances at -38227 
and -61.41 ppm have been assigned to Fphe and Ftyr, respec- 
eavely: © the resonances upfield of each of @hese wat =396.71 
and) —62. 18! ppm; are due to Fphe and Ftyr.as well, ~butogane 
shifted from the major resonances indicating that the 
Borines in these amino acids are in different magnetic 


environments. The multiplicity of each of the Fphe and Ftyr 


?'The deoxycholate was included in the sample so that the — 
conditions for the acquisition of the free fluoro-amino acid 
Spectra would be identical to the conditions of the exper- 
iments with the DOC micelle-bound, fluoro-amino acid- 
labelled coat protein. The presence or absence of tice le 
was found to have no effect on the fluoro-amino acid F NMR 


spectra. 
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resonances, seen clearly in Figure III-2, is due to the 
coupling of the fluorine nucleus of each amino acid to 
neighbouring ring protons; the spectra were not proton 
decoupled. Figure III-2 also shows that the upfield reson- 
ances were not caused by the DOC but result from the bicar- 
bonate buffer. A D20 solution containing only Fphe and Ftyr 
at pH a0 did hoe have any upfield resonances 
[Figure ieee toi.) As the buffer concentration was 
increased, the height of the upfield resonance relative to 
the "major" resonance increases until at 0.5 M, the relative 
meagntsvare almost equal [Figure III-2(iv)]. At 1.0 ™ 
[Figure III-2(v)] the upfield resonance becomes the major 
resonance. 

Figure III-3 shows the ‘’F NMR- spectra of Fphe in 
either sodium phosphate [Figure III-3(A)] or Tris-HCl 
Metgure 111-3(B)] buffer, as a function of pH. There were no 
upfield resonances present in either buffer through a _ pH 
range of 840 to 11.0 with-sodium phosphate and 4.0° fo 376 
with Tris-HCl. 

The ‘°F NMR spectra of 3-fluoro-benzoic acid in NaHCO; 


buffer are presented as a function of pH in “Fingure Pri-4. 


There were no upfield resonances present for this compound 


throughout the pH range of 8.0 to 10.0. As well, the chemi- 


cal shift of the resonance at ~-38.42 ppm did not shift 


throughout the pH titration. 


Figure III-5 shows the effect of changing the pH of a 


solution containing Fphe, Ftyr and NaHCO;. The results of 
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Pigure lli—2. the '’F NMR, spectra of Fphegandgetyc 
with varying NH,HCO; concentrations. The sample 
contained 3 mM each of Fphe and Ftyr and were 
all pH 9.0. The resonances in A are from Fphe 
white. those in B are, from Etyr. The NH,HCO, con- 
centrations are: i) 0 M; ii) 0.05; iii) 0.1 
iv) 0.5; v) 1.0. The acquisition parameters were 


Ete;scame as In ‘Figure Lii- 1, 
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Figure III-3 The ‘°F NMR spectra of Fphe in either 
phosphate or Tris-HCl buffer with varying pH. 
The samples contained 3 mM of both Fphe and Ftyr 
(only Fphe spectra shown) and 0.1M of either 
A) sodium phosphate or B) Tris-HCl buffer, in 
D20. The pH values were varied as follows: 
Ape Ov9eemASii) 91:50: Acinaduve 98e2B-1) .9..60- 
B-ii) 7.99: B-iii) 4.04. The spectra were 
acquired at 297°K using the acquisition parame- 
ters given in Figure III-1. 
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Figure III-4 The ‘’F NMR spectra of 3-fluoro- 


benzoic acid in bicarbonate buffer with varying 
pH. The sample contained 3 mM Fben and 0.1M 
NaHCO; buffer, in D20. The pH was varied as fol- 
hows: P)iotd. Os) Hi ero Os or P)18'..0 ti Thetspectra 
were collected at 297°K using the same acqui- 
sition parameters given in Figure III-~-1. 
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Figure III-4 The ' 
in bicarbonate 
contained 3 mM 
NaHCO; in D300. 
while those in 
aves 2) 11.69% 
aon 4 vad. 6% 


°F NMRo spectra-iof Pphel andi Ftyr 
with varying pD. The sample 

each of Fphe and Ftyr and 0.1M 
The resonances in A are from Fphe 
B are from Ftyr. The pD values 
13) 112083113) 10.54 cee ce 
67. The spectra result from 1000 


scans, collected at 298°K using a 7 usec (35°) 
pulse, +4000 Hz sweepwidth, 4K data, and a delay 


of 406 msec between transients. 


broadening was 


0.2 Hz line- 
used. 
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this titration will be used for calculating the equilibrium 


Sonstant, K ° 


, Of the carbamate reaction in D,O, hence, the 
PH values are given as the more appropriate pD values. As 
the pD is increased from 8.67 to 11.69, the major (down- 
field) resonances for both Fphe and Ftyr shift upfield. The 
chemical shift of the upfield Fphe resonance does not change 
throughout this pH range, while the Ftyr upfield resonance 
eaitts downfield slightly. The titration behavior of the 
chemical shifts of the Fphe and Ftyr resonances are more 
Clearly shown in Figure III-6. The analyses of the dis- 
sociation constants of these curves are given in the 
Discussion. 

The spectra in Figure III-5 also show that the relative 
intensities of the major and upfield resonances for both 
Fphe and Ftyr are affected by the pD of the solution: the 
intensities of the upfield resonances increase with pD until 
a maximum at ~10.5 is reached, then they decrease. The areas 
of the upfield resonances were normalized relative to the 
total area (major + upfield resonances), then converted to 
concentrations of the species. The graph of the concen- 
tration of the upfield resonances as a function of pD is 


shown in Figure III-7. The points shown are the actual data 


While the curveris the*computer (fit itopthe? edatameusing =the 


equations presented in the Theory section (see Discussion). 


The upper graph used the Fphe upfield peak intensities while 


the lower graph used the Ftyr intensities. The better fit of 


the upfield Fphe data compared to the upfield Ftyr data 
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Figure III-6 The pD titration curves of the Fphe 
and Ftyr '°’F NMR chemical shifts in bicarbonate 
buffer. The data were obtained from the ‘°F 
NMRpD titration of the fluoro-amino acids, six 
of which are shown in Figure III-5. Curves A and 
A' are the major and upfield Fphe resonances, 
respectively, while B and B' are from the major 
and upfield Ftyr resonances (see Figure III-5). 
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Figure III-7 
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The graphs of the concentrations of 


the Fphe and Ftyr carbamate species as functions 


Chiipp: 


Graph A is the Fphe data, while graph B 


is the Ftyr data. The data were obtained from 


the 


19m NMR resonance intensities at each of the 


pD values (see Figure III-5). The curves through 
the points are the computer fits to the data, 


using equation (14). 
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reflected the higher concentration of the upfield Fphe 
species in the sample; there was less than 0.3 mM of the 
upfield Ftyr species at most of the pD values which appeared 
to be the limit of detection. More scans and/or a higher 
concentration of Ftyr would be necessary to improve’ the 
data. 

To ensure that the comparison of resonance intensities 
1s valid, the T; relaxation times of the Fphe and Ftyr res- 
Onances were measured at 298°K and are shown in Table III-1. 
The T, data were acquired uSing a progressive saturation 
pulse sequence and were analyzed uSing a Nicolet T, 
progressive saturation curve-fitting program. The delays 
between transients (see Chapter II-F) were: 0.1, 0.3, 0.7, 


fo, 5, andSs5 sec. 


Discussion 

Gaseous CO, in the presence of an aqueous solution 
equilibrates between the gaseous phase over the solution and 
the dissolved and hydrated forms in the solution. The mecha- 


nism of CO, hydration depends upon the solution pH: at 


PH <6, the direct interaction with H,O is the dominant mech- 


anism (equation (3)) while at pH >10, the alkaline catalysed 


mechanism predominates (equation (5)). It is clear from 


those two equations that CO, in a solution may be produced 


by either performing experiments in a COz atmosphere or by 


Starting with bicarbonate buffer. 


ba 


aig? bistigy sf 


+ 
=e! ae 


a, te 


mo ligios 


bas folsuise ava 28°99 Byam IPS ZE ‘sh inated. @ 


-~stogn “aGdT  .ndttu4 


je whe @etuirs 


adn janenad sa 


Meay late S gti tan keoads 


7 nee sail 2? a1 


reaubey ee. yeer ie: ule « ce cael ‘ta. Caen 


wet we ouatgasnys 


7 =... 
4 
: : 
— rN ; j A 
- “) a 
— SC 


- - “=> on; 
o sty «& 


Mmehée oo 


syoSipE «6 


x 


S ate | 
| ce Pade 
sis Wega “Hipeca gabeeaben Om 
a 
2k OM dec “pele haebitt, sn Th, wat 


JAPSAQS eden wn 
aif2 aiguae ny 
ttm qe eases 


thumbeey Peas 
+; tsrysege sxeed 
nte6 
, Bre: sama 


SAK 13 Se ~ 


+ ste! a°e? 


4 

we 
- 
" 


taut wer edneltonee 


suek Fut te sae 
Re ; : 


12 “srt > eta c] ands \. m2 “wd. 


> 


' i - - om 
dase Svilepiychibina bawks a 


5 ene. tut noc seupe) 7 
Des . 


Qh he 
‘Syaode >) ae tialulobene 


t tz) 


65 


Table III-1 
The T, relaxation times of Fphe and Ftyr 


amino acid resonances 


Resonance T, (sec) 
Fphe: upfield 2D 4ee OR 
major Siete OL Le 

Rig: 7Pupt reid ey + Whe? 
major 23.00 ret a0el 
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Given that the bicarbonate buffer is a SOUFCE Ot =COs 
and that CO2 is known to react with amines to form carbamate 
productsy© it 1s reasonable to propose that the upfield res- 
onances in the '’F NMR spectra of Fphe and Ftyr in a_ bicar- 
bonate solution result from the carbamate species of each of 
the amino acids. It is necessary however to prove that the 
upfield resonances depend both on a source of COz and the 
presence of amino groups. The necessity of a "CO2-source" is 
Gemonstatedet in’ Figures S1I1T-2. and ~ Il1I=3."°Figure%l11-2(i) 
shows that when there is no bicarbonate buffer included in 
the sample, no upfield resonances are seen. As the concen- 
tration of the bicarbonate buffer is increased 
[Figure III-2(ii-v)], the intensities of the upfield reson- 
ances increase. This is expected if the bicarbonate buffer 
is providing the CO,. Figure III-3 reiterates the conclusion 
from Figure*I1I-2(i). When the ‘’F NMR spectra of ‘Fphe and 
Ftyr are run in solutions containing either sodium phosphate 
PRegureliInss(ay)) oftrissHel s[ PigurerlI1T=3(B))) *sbutier? no 
Metield’eresonances®*aré. seen” (only «the® Fphé spectra vare 
shown). In Figure III-6, it was shown that the pH of the 
bicarbonate solution affects the intensities of the upfield 
resonances. To show that the pH of the phosphate and 


Tris-HCl solutions has no effect on whether or not upfield 


resonances are detected, the pH of those solutions was 


varied. The second and third pKa values of the phosphate 


buffer?? | are ’.7.21 and 12.67 respectively, while the pKa of 
22CRC Handbook of Chemistry and Physics (1969) ed. Weast, 
R.C. (The Chemical Rubber Company, Cleveland, 
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PuuscHCl Phulfér? >?) ise8.38x-It“aswseennin Figure III-3 that 
regardless of the ionic valence of the buffer (determined by 
the pH) or whether the buffer is anionic or cationic (being 
phosphate or Tris), the upfield resonances are not detected. 
This suggests that the upfield resonances of the ‘°F NMR 
epeCctragnofeiFphe: and »Ftyr’ in| bicarbonate are notadueatova 
nonspecific ionic interaction. These results also show that 
COz contamination from the air (which is particularly of 
importance at pH>7 [Hall et a]., 1983]) is not significant 
in these experiments. 

The necessity of the amino groups to the appearance of 
the upfield resonances was shown by the following: the '°F 
NMR spectra of 3-fluoro-benzoic acid (Fben) in bicarbonate 
buffer (Figure III-4) were insensitive to the pH of the 
sample with respect to both the chemical shift of the reson- 
ance and the absence of an "upfield resonance". The Fphe and 
Ftyr resonances experience significant changes in their 
chemical shifts and contain upfield resonances throughout 
therpDirange (Figures Ifi1-5 andoI11-6). | Theconly;ediftference 
in structure between Fphe and Fben, essentially, is that 
Fben does not have an amino group. Hence, the change in 
chemical shift of 1.05 ppm of the Fphe major resonance 


[Figure III-6(A)] must result from the titration of the 


amino group (pK,¢ = 9.64)7*. (As well, in Chapter III-B, 


Me contéddsOhdo)}pg.D- 119. , 
23CRC Handbook of Biochemistry: Selected Data for Molecular 
Biology (1968) ed. Sober, H.A. (The Chemical Rubber Company, 


Cleveland, Ohio),pg.J-117) 
*‘This amino group dissociatio 
D20. In H20, this constant wou 


n constant was measured in 
ld be 9.04 [see Marshall 
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Figure “IDI-13 shows “the °°F NMR spectra of Fphe and Ftyr 
whose N- and C-termini have been N-acetylated and methyl 
esterified, respectively. There are no upfield resonances 
present, thus the necessity of the free amino group for the 
appearance of the upfield resonances is supported.) The 
titration behavior of the upfield Fphe resonance was shown 
in Figure III-6(A'). In this case the chemical shift did not 
change with pD, showing that the amino group of this Fphe 
species was not not titratable. 

The Ftyr case is more complicated as both the phenolic 
hydroxyl and the amino groups are titrated in this pD 
region. AS a result, curve B in Figure III-6 is actually a 
curve containing both titrations. Curve B' shows that the 
chemical shift of the Ftyr upfield species shifts less’ than 
that of the Ftyr resonance and in the opposite direction 
(shifting downfield instead of upfield). The pKa obtained 
Promiucurve tBY tis Oo. 2127 «That “the °amino group™"of ‘the Ephe 
upfield species wag not titrated, Ssugqgestsrethat Sthe 
titration of the Ftyr upfield species is of the hydroxyl 
rather than the amino group. (This pKa is low for a tyrosine 
hydroxyl but would be showing the effects that the fluorine 
Hace, on butheas® ring <)“ACicomparisom Sof eecurvenB” Stotcurve ss 
assigns the lower region of curve B to the titration of the 
hydroxyl moiety. The upper major portion of the curve, then, 
corresponds to the titration of the Ftyr amino group. 


24(cont'd) (1978), pp456-457, to be given]. | 

75The Ftyr amino and hydroxyl group dissociation constants 
were determined in D,O. Thus, in H20, pK = 8.62 and 

pK,= 9.62 (see Marshall (1978), pp.456-457, to be given). 
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Analysis of pD dependence of this region ofe ‘thetkeucve 
pesults mta pk, ° cof §10<23?*. 

The results discussed demonstrate that the presence of 
the upfield Fphe and Ftyr resonances in bicarbonate buffer 
requires both the amino groups of the amino acids, and the 
bicarbonate, hence the upfield resonances are due to the 
carbamate species of each of the amino acids. The Fphe and 
Ftyr carbamate resonances are well resolved from those of 
the amino acids so their behavior may be monitored directly. 
In particular, the changes in their intensity with pD 
reflects the changes in their concentrations with pD. These 
data allowed the determination of the equilibrium constants 
for the carbamate formation (see Theory section) for both of 
the fluoro-amino acids. 

The desire to compare the intensities of the major and 
upfield resonances of the pD titration spectra prompted the 
measurement of the spin lattice relaxation times, (T,'s), of 
the resonances. Table «DPIA1 >. showed'.that«rthere sissonly 
approximately 1 sec difference between the longest and 
shortest iT) "%syliThe «ospectrah ‘acquisition cparameters@were 
optimized for the longest T,, that of the major Fphe' reson- 
ance, but as the dependence of the signal to noise ratio on 
the T, is logrithmic (Ernst and Anderson, 1966), the signal 


to noise ratios due to the data acquisition should not be 


Significantly different. Differences in resonance 


intensities, then, were due to differences in the concen- 


trations of the Fphe and Ftyr species. 


au | Sts poe Mae eed ALIS 
; se Blea) “7 5 ; 
19772 sJenoceds.5.2! i 


sit tite. ,.25f55 13°03 m8 nema oti? dacden 

ih aye @eeacza: Siege Oe ee 
avn Jet : | ashi 29° tage 70) esiosga 
dp mowed Bevigass ilsw, $25 auch anoeet e 
sito & exon. g¢ VEN 391 ¢n0eae at de ak ie spilt 
% 2 ponedge 7 3e +£ ant aid weed 
921-1 co Adee (eto s7ousasopoyv 4 Yes? Al paeyads ent? 
4 $082 BNOD ayeret tse dz. Sb, worse the eR ne 6s | 
204 eee stened riety ; 


fo 3nd’ POs. LHOPS De is 
-_ mn A -, ~~ 

bone i16f5 @h2 ee eoia 

edt fadtdmatig -S4i2o9gge HC 


ore poeptiod aay Aes Bed 
wiev StTedzang¢ss ROTI Le re 
Ose ony ‘teopaitans* 4 af 
a6 of 46> sb ton os 


hgepee alt 7 aeet 


70 


ime echanges. iin -othesteoencéentratitonsit iofi athe scarbamave 
Species with pD for Fphe and Ftyr are shown in Frgureenrisds 
Qualitatively the data may be explained in terms of the 
relative pK,° values of Fphe and Ftyr and the pkK2z value of 
bicarbonate. The reaction of CO, with an amino group 
requires that the amino group be uncharged. Therefore, the 
gradual increase in the concentrations of the Fphe and Ftyr 
carbamate species reflect the increasing concentrations of 
the deprotonated amino groups as the Fphe and Ftyr  pkK,% 
values are approached. The Ftyr pK,*% is higher than that of 
Fphe (10.23 compared to 9.64), thus the concentration of the 
deprotonated Fphe and consequently the concentration of the 
Fphe carbamate will be greater. Once above the amino acid 
pK,“ values, the pD approaches the pK2 value of the bicar- 
bonate (10.88). This equilibrium (shown by equation (6)) is 
intimately involved with the CO, concentration of the 
solution (through equation (5)). Once the pD is above pkK2, 
the concentration of the HCO;~ ion has decreased signifi- 
cantly. This, in turn, draws from the COz concentration (in 
equation (5)) which results in the reversal of the carbamate 
equilibrium (of equation (2)). The concentrations of the 
carbamate species therefore decrease with the conversion of 
carbamate to deprotonated amino acid and CO2. 


The quantitative discussion of the carbamate reaction 


uses the equilibrium formulae outlined in the Theory sec- 


tion. The result (equation(14)) is a relationship between 


the concentration of the carbamate species and the proton 
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concentration; the constants of the equation are all known 
from the literature except for K., the carbamate reaction 
equilibrium constant. This constant may be derived by the 
solution of equation(14). 

Equilibrium constants depend upon the experimental con- 
ditions under which they were derived, hence, a discussion 
of the factors influencing these constants is appropriate. 
Three factors are particularly relevant: the temperature, 
the solvent (H20 versus D20) and the ionic strength of the 
Sample. The literature constants used in the calculation 
were determined at 25°C (298°K) and 0 ionic strength in 
water. The experiments described herein were also done at 
298°K, so temperature is not a problem. Both the ionic 
Strength and the solvent though, were different, so the 
effects will be analyzed. 

Correction for the change of solvent from H20 to D20 is 
relatively straightforward. For the dissociation of an acid, 


the following relationships apply (Marshall, 1978): 


pD = pH reading + 0.41 


pK, = 1.02(pK,) + 0.42 


Thus the conversion of K; and Kz to Ke Pandako eel Ss eS tiD he: 
The correction of the carbon dioxide equilibrium constants, 


K, and K, require individual kinetic analysis. 
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Morrow et al. (1974) give the effects of replacing water 


with deuterium oxide on the constants as: 


K, / Ras 4 


KC arate 


hence, K,° and K,* may be determined. The values of K,, Ky, 
and K, are given in Table III-2. 

The third factor that would: affect the equilibria, the 
fonic strength, is more difficult to correct. Neuberger 
(1937) outlined, in detail, the protocol for determining the 
effects of ionic strength on equilibrium constants. Absolute 


equilibrium constants are given by the following: 


Wee (AT Be hit echiae 
AB fas 


where [A*], [B-] and [AB] are the equilibrium concentrations 
SomLt hevmreaatants candwiproducts,/ecand Data Por andet eave 
tnermainespective activity coefficients. At very low donic 
sarength pet amo 4 sits aSOyenas’ 


At 


Ke JTACDS IB ai 
AB 
As the ionic strength is increased, the ions become non- 
randomly dispersed in the solution. This causes f,,. and f,- 
1; £,,, being a neutral species, is 1 until 


to be less than 


very high ionic strengths. 
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Table III-2 


The equilibrium constants used for the carbamate 
species analysis 


—_—____—"“—XNX—X—X—_!_!sb_?Sa ss eee — — — —— — — — 


Absolute D20 Corrected Ionic Strength Corrected 
(K) CK Fphe (I=0.14M) Ftyr (1=0.21M) 

K, z= = 2 29x 7 0sn 56 9x Oe 
Rien. Ax hO the Yards 50x:1074 al Saxton 1he2 9xq1,0rt 

Peer 200T Oey “SFr oin)S 20001 BiG2x: 10m WeGox Oe 

K 366% 97 97 97 

Heme OKO FV 294 eTOr * 2.94x107* 2204x104 

Pama A071 xara 42%" 9F 02°, O00 3 SRS eel cOkohe: Bag 5x On 


‘CRC Handbook of Biochemistry: Selected Data for Molecular 
Biology, ed. Sober, H.A. (The Chemical Rubber Company, 
Cleveland, Ohio) 

aivern (1960)96: (Kj; * 2K, CP aek,), where 


Kees TH HCO; )/( (Cog) [HZCOs)) (OK w= oe so) 


Kern (1960) : K = [OH-] [CO2] = kucos 
[HCO;3~ ] Kon- 


‘CRC Handbook of Chemistry and Physics (1969), ed. Weast, 
R.C. (The Chemical Rubber Company, Cleveland, Ohio) 
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The absolute equilibrium constant is then given by: 


Reese) Bie clrk font aay eK ager ehh 
AB 
where K(I) is the equilibrium constant obtained for a 
soeutlton- of jionie ‘strength, I. 
Neuberger calculated f, using the following equation: 


HOG tf. =" OOF 
1 + VI 


where I is the ionic strength of the solution. This equation 
was obtained through solving the Debye-Huckel equation for a 
temperature of 298°K, an ionic valence of 1, and an ionic 
Poacmsasot 3.08 A. “The “«eoncept of “onic “radius” is not 
Clearly defined for ions that are diatomic or larger but a 
value of-.1.5 & was determined for HCO;” as the average 
distance of closest approach that another ion can come as it 


tumbles in solution, hence the equation becomes: 


=rog fs. =*f2 0.5/1 


where Z is the ionic valence (for example, Z,,,-2= ~2). The 


equation does not change much by substituting estimates of 
the ionic raci1 of Har, COngs OH”, GL Ciee, so that this 
relationship was used to calculate f, for all of them. 


The next problem is to determine the 1onic strengths sor 


mene Solution, I. 
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The ionic strength of the Fphe/Ftyr/bicarbonate solution is 


given by: 


mH 
WW 


P/O SMa. 2 


P72 Ned 1) ch [C0571 (=1)2 4. [605-21 (-2)2 +) TRNH 35 CO4 oli ae 
tPLRNH2€O> 1 (=1)2 > ([RNH(CO,-) ] (-2) 24 


for the pH range being used. The valence of 1 for the 
RNH3;*CO2> species was discussed by Neuberger (1937). The 
concentration of the bicarbonate buffer was 0.1 M in these 
experiments while the total concentration of the fluoro- 


amino acids was 0.006 M, hence an approximation may be made: 
ieee Na, |r)? @. (HEOs }t—1)70 2 1COs 1 t-2)) 


One immediately notices, however, that as the pH increases, 
the ionic strength increases, therefore the equilibrium con- 
Stants theoretically require correction at every DpH. 

Ei1gures 1 hil-o- and Ibl-~/-show (that thesanalysessaresmoce 
affected by the pH (pD) regions in the centre of the graphs. 
Ma particular, - the K,°"s are measured from the “inflection 
points" of the curves shown in Figure III-6, hence the ionic 
Strength of the "inflection point" is the ionic strength of 
the constant; the curve does not give the absolute K,° but 
rather K,‘*(I). Rather than trying to estimate the activity 
coefficients of the Fphe and Ftyr amino acids to convert the 
constant to its "“ionic-strength-independent" value, it was 


thought more accurate to convert the absolute constants from 
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the literature to their K,(1I) values. 
To determine the ionic strengths of the Fphe and Ftyr 
K,°(I)'s, the concentrations of Nai, GHCO; peband@eCcOAne fwere 


calculated by: 


Repee Le) (Cons? ] 
DCO3~' 


Pla en ipeoshhlaneal Cohen | 


This is not completely accurate, as K,*% should be corrected 
for the ionic strength determined, hence a computer program 
wasewontten!tohiterate vto ta Ke° (lr) canderceatwhich I does not 
change by more than 0.001 M between iterations. The ionic 


Strength for Fphe (at pD = pK,°(1I) = 9.64) was 0.14 M while 


Bonentyr fatepD supk 241 ) 10.23] the ionic strength was 
Oe2 i tMye The \cequilibrium teconstants sused*forcthe vanalysis’, 
corrected for both D20 and ionic strength effects are given 
DaeTableshhi<=2. 

Computer simulations of the concentrations of the Fphe 
and Ftyr carbamate species as a function of pD used equa- 
tion(14) cand the corrected constants “in Table III-2.° The 
best fits, shown in Figure III-7, gave the carbamate equili- 
brium constant K,‘(1) as 8.52 + 0.27 x 10°* (pkK.°({I) = 
5.07 + 0.01) for the Fphe reaction and 8.84 + 0.72 x 107° 
(pK. ¢(1) = 5.05 + 0.04) for Ftyr. 

Table III-2 shows that whereas the effect of D20 as a 


solvent usually decreases the constants, the moderate ionic 
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strength of the Fphe and Ftyr derivations tends to increase 
them again. Hence, the pK.“(I) values above may be compared 
to the values obtained for amino acids, peptides and _ pro- 
Beimice tiny the “literature (Table 211-3). As was observeduby 
Roughton (1970) there is not much variation in pK, between 
the types of amino groups being measured (protein, peptide 
Or amino acid), even with the differences in experimental 
conditions and techniques. The presence of fluorines in Fphe 
and Ftyr, as well, does not move the carbamate constants out 
of the range seen in Table III-3 (the degree and direction 
of the effects of the fluorine would require the carbamate 
constants of phe and tyr to be determined). 

It 1S apparent from these experiments that '*’F NMR may 
be used to monitor the carbamate formation of fluoro-amino 
acids. '®F is a nucleus whose chemical shift is particularly 
sensitive to long range effects on its magnetic environment. 
This allows the ring fluorines in Fphe and Ftyr to report on 
the presence or absence of the carboxyl bound to the amino 
Group, The data obtained allows the Scaliculation” of 9 “the 
equilibrium constant of carbamate formation. As the origins 
of the upfield fluoro-amino acid resonances were found to be 
due to the interaction of their free amino groups with CO2, 
this type of interaction is not a concern for the Fphe and 


Ftyr amino acids when incorporated into a protein (as they 


are not N-terminal amino acids)’*. 
2*The possibility does exist however that 11 there 
lysines or N-terminal amino groups 1n the vicinities of the 


fluoro-amino acids, anomalies may occur. This possibility 


was tested for the coat protein in micelles by running 
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B. Solvent Isotope Induced Chemical Shifts 


Introduction 

The chemical shifts of fluoro-compounds are very 
sensitive to their environment (see Chapter I-B). For exam- 
ple, the chemical shifts of Fphe and Ftyr are separated by 
e23sitppm an Figuresiiii-t).< Given! that othe only difference 
between the structures of Fphe and Ftyr is the Ftyr hydroxyl 
Se0up ttsee qrhigure: 1-2), tithere!)S’ss a large ihtramolecular 
eurectimoft tthe thydroxyl group con ithe fluorine chemical ishitt. 
Fluorine nuclei are also sensitive to intermolecular inter- 
actions. Studies with organic solvents and fluorine- 
containing solutes have shown that the fluorine chemical 
shift of the solute is dependent on the solvent in which it 
is dissolved. A great deal of work has been done to try to 
understand the mechanisms of these solvent induced shifts 
GSiS:'rs:) Gforicirevkewine see O Emsiteyserand aPhielips,, 197 1)% 
Smaller, though significant, effects of solvents on fluorine 
chemical shifts are seen when isotopically-substituted 
solvents are used (solvent isotope induced shifts (SIIS's)). 
In particular, the effect of replacing water with deuterium 
oxide (D,0) on the chemical shifts of fluoro-compounds has 


been studied (Hull and Sykes, 1976; Muller, 1977b; Lauterbur 


et al., 1978). 


2*(cont'd) spectra using sodium borate buffer (see 
Figure IV-16). There was no change 1n the Fphe and Ftyr 
spectra observed compared to those obtained in the bicarbon- 


ate buffers. 
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With the preparation of fluoro-amino acids and their 
Subsequent incorporation into proteins, a biological applar 
cation of fluorine SIIS studies appeared. In order for a 
SIIS to occur, the solvent and the fluorine of the solute 
must interact. When the fluorine is on a protein residue, 
the residue must have access to the solvent: a buried 
residue in the hydrophobic core of the protein would have a 
smaller SIIS than a residue on the surface of the protein. 
fhus, the? commparisom of:e.thel "SIPS “si. ‘ofa! “fully! iexposed 
residue to that of a buried residue provides a measure of 
the accessibility of the water (deuterium oxide) to the 
"buried" residue. Experiments have been done with a number 
of water-soluble proteins (Hull and Sykes, 1976; Lauterbur 
Car aes i976 At Gerig tiehs abenrv1979):.. Quantitation cfeithe 
fluoro-residue exposure to the solvent was achieved through 
comparing Phe ciproteiin BISNRS ofta theroiSiiSmofhinihelm® inee 
fluoro-amino acid as the "100% exposed" residue. 

A natural extension of those studies is to determine 
the exposure of amino acid residues in membrane proteins. 
The goals would be to not only determine which residues are 
inaccessible to water due to protein structure and/or being 
protected by either detergent or lipid, but as well to gain 
information as to the accessibility of water into the hydro- 
phobic domain of the detergent micelle or lipid bilayer to 
water. Ftyr-labelled M13 coat protein in DOC micelles has 


Beansuised « fore isuchsistudi és: s (Hagentriet- als <a976)bumthose 


experiments have been redone including Fphe-labelled protein 
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(see Chapter IV-B). The analyses of the SIIS's of Fphe and 
Ftyr © amino acids as the controls for "100% exposed" protein 


residues, are presented herein. 


Theory 

Much work has been done to determine the mechanisms of 
the behaviors of fluorine chemical shifts (Buckingham 
et al.,1960; Evans, 1960; Emsley and Phillips, 1966; Muller, 
1976, 1977(a,b)). The results have succeeded in delineating 
the types of interactions involved between solvent and 
fluoro-solute molecules that cause SIS's (and SIIS's) (see 
following text). The studies have also shown that the com- 
plexity of the interactions make their complete understand- 
ing impossible at this time; theory requires further devel- 
opment before it can be used to successfully predict the 
behavitoriof theischemical ‘shift of a fluoro-compound in ‘an 
untested solvent. 

Ther etrare tfiiive types of interactions — possible between 
the solvent and a fluoro-solute. The shielding of the 


fluorine nucleus due to the solvent medium, is given by: 


(Emsley and Phillips, 1971), where o, is the shielding con- 
tribution from the bulk diamagnetic susceptibility of the 
solvent, o, is the shielding effect of anisotropic solvent 


molecules, o, is the van der Waals interaction -coneributsaon, 


Oe is an electric field (reaction field) effect between 
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solute and solvent molecules having dipole moments and o, is 
the shielding effect due to the formation of complexes or 
hydrogen bonds. These terms are each considered below. 

The first term,'o,, results from chemical shifts not 
being absolute; chemical shifts of molecules are always 
given relative to a reference compound (for example, the 
PPUCrUNeaNChemicalmpshifts Lin <thiseathesistareerelativeseo 
trifiucoromacetic acid (TFA)=(see Chaptér®lI-F); o,°is \equal 
to zero when the reference compound is either included in 
the sample or referenced through the use of the same spec- 
trometer lock compound for the reference compound and the 
sample of interest. For the experiments outlined in this 
Chapter, the lock for both the TFA and amino acid samples 
was D20, hence o,= 0. 

The second term, o,, is relevant for solvents having 
anisotropic diamagnetic susceptibilities, meaning that the 
Susceptibility of the solvent molecule will vary depending 
WoonGits orientationgin thetmagnetictiield, Thistapplies #to 
disc-shaped molecules (for example, aromatic solvents like 
benzene) and rod-shaped molecules (like carbon disulphide). 
Water is in neither of those categories and so o, will be 
negligible for the experiments to be described. 

The contribution of van der Waals solute-solvent inter- 
result from three kinds of forces: dipole 


aoLvonsyae,9 


orientation (Keesom) forces, induction (Debye) forces and 


dispersion (London) forces. In most intermolecular inter- 


actions, London forces are dominant. These depend on the 
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polarizability of the two molecules; the electron clouds of 
theidapproaching molecules: shift so’. as.-to create an 
attraction for each other. Studies with fluorocompounds and 
varying solvents have shown that o, is the dominant 
Shielding term for '°’F medium effects (Evans, 1960; Emsley 
and Phillips ,1971; Muller, 1977). Evans (1960) found that 
for a range of compounds, the chemical shifts were furthest 
upfield (most shielded) in solvents (of similar size) having 
the highest polarizability. The further upfield a chemical 
shift is, the larger the o, term. AS only ow is dependent 
upon polarizability, van der Waals interactions are 
implicated as having a dominant contribution to. shielding 
etfect sx 

oe, the electric field effect created when a dipolar or 
quadrapolar solute is studied, has been found to have a 
small contribution to the overall o, (Emsley and Phillips, 
1966). Recently Muller (1976) has questioned even the 
Validity ofiincluding:ao. termin theo, expression fand 
suggests that a more complex theory for analyzing 
van der Waal interaction (o,) is probably more relevant than 
having a separate o, term. 

The contribution to the solute chemical shift due _ to 
complex formation (for example, through charge transfer or 
H-bonding) is included in the o, term. Like o., o. is 
difficult to quantitate as it is necessary to eliminate (at 
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Phillips, 1971); if the theory for the other shielding terms 
eouldenotwaccount for theschemical shift observed, then the 
residual shift was assigned to o.. More recently, the forma- 
tion of complexes between organic acceptor and donor mole- 
cules (such as hexafluorobenzene and acetone, respectively) 
has been shown to contribute significantly to the observed 
br chemical shift of thecsolute! (Muller, 1977a)% Studiesto£ 
complex formation with water as a solvent are limited. In 
one particular example, Muller (1977b), using a fluoro- 
alkane, 6,6,6-trifluoro-1i-hexanol as the solute, assumed 
that o, was negligible in solutions of water and organic co- 
solvents. (This solute was previously found to be inert, 
even when ins.«donor-acceptort! isolvent *¢systems (Muller, 
1977a).) As fluorobenzene derivatives are electron acceptors 
and water may act as a donor, it is not clear whether water- 
Fphe complexation is present. Hydrogen bonding between the 
Ftyr hydroxyl and water, though, seems to contribute to its 
chemical shift dependence on the isotope of water (see 


Discussion). 


Results 

The fluorine chemical shifts throughout this thesis are 
given relative to the trifluoro-acetic acid (TFA) resonance 
at. 298°K of © a sample containing TFA, potassium phosphate 
(dibasic), EDTA and potassium chloride in Dz,04(pH 7:0) “(see 
NMR Methods, Chapter II-F). The TFA was not included in the 


amino acid samples but was referenced through the mutual use 
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of D20 as the lock compound; the spectrometer was frequency- 
locked onto D20 for both the TFA and the fluoro-amino acid 
samples. The offset determined to place the TFA resonance at 
O ppm was used as the offset for the amino acid samples, 
thus the amino acid chemical shifts are relative to TFA. A 
problem with this method of referencing arises though when 
the compound being studied is not in 100% D20 but contains, 
ZOoweeeckample, only 50% D2O tand 50% H20)+ the lock signal us 
no longer D200 but rather HDO. The effect on the frequency of 
the lock signal has been determined indirectly by monitoring 
the effect of deuterating H,0 to HDO on the proton NMR spec- 
Enum Of ‘the, water (Holmes ef 'ta/]., 1962). 

Holmes et al. (1962) found that the resonances from H20 
and HDO may be resolved from each other in the proton spec- 
trum when dilute solutions of water were prepared in 
acetone. This experiment was repeated using acetone-d., the 
water spectrum being shown in Figure III-8. The downfield 
peak at 2.977 ppm is due to\H20 while. the broader upfield 
resonance at 2.946 ppm is from HDO (both shifts relative to 
internal TMS). The HDO peak is actually a triplet; the 
proton resonance is split by the deuterium (spin=1). The 
individual peaks of the triplet are not resolved, however, 
as the D,O was not ultrapure, hence impurities and/or pH#7 
have broadened the ‘cesonances. ‘The “difference in shift 


between the two peaks (Sano7-5n,0) in Figure III-8 is 


-0.033 ppm. A different sample was run obtaining a differ- 


ence of -0.026 ppm, therefore the average shift 1s 
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Figure III-8 The proton NMR of H20 and HDO in 
acetone-d,. The sample contained 4 wl each of 
H20 and 99.98 % D:0 and less than 1 wl of TMS in 
0.5 ml acetone-d,. Resonance A is from H20 while 
resonance B is from HDO. The spectrum is the 
result of 4 scans, acquired at 299°K using 
2 usec (18°) pulse, +800 Hz sweepwidth, 8K data 
and no delay between transients. 0.2 Hz line- 
broadening was used. 
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mo -02020-005 “ppm. This is ~4'n ¢qood agreement with Holmes 
et al. (1962), who obtained a shift of -0.030+0.003 ppm. 
Knowing that the H2,0 signal shifts upfield by 0.030 ppm 
when it is deuterated, its proton chemical shift was 
monitored throughout a range of 12:5 to 100% D2,0 in a sample 
containing water and/or deuterium oxide, DOC, and bicarbon- 
mcemmourcer s/(pH 9.0) (Figure TII-9). In this case, the Heo 
and HDO are in fast exchange, hence one would expect to see 
only a single resonance whose chemical shift (~100% D20) 
would be 0.030 ppm upfield of that of the H.0. Figure III-9, 
though, shows that the water signal does not shift signifi- 
fant y es tnerH.O signal (an 12.5% D2O [Figure -111-9(i}1)) is 
at 4.745 ppm relative to DSS while the HDO signal (~100% D20 
Peyqure  fri-9(v)]) is at’47749 Appm. “(This ‘chemical <shitt 
difference is within the error of the measurements). These 
Samples were obtained using the deuterium signals from _ the 
DHO and/or D20 for the frequency lock so that not being able 
to detect the 0.030 ppm shift of the H20 to HDO substitution 
means that the same shift was occurring for the deuterium 
Signal as DHO was replaced with D20. Thus, the change in 
chemical shift of a fluoro-compound as a function of % D20 
is the result of the SIIS effects on both the fluoro- 
compound and the lock compound (D,0). (SIIS is herein 
defined as the difference between the chemical shift of a 


compound in 100% D20 minus the chemical shift of the 


Compound in 100% HzO (0% D20), (= 84,0 ~ Snz0)-) 
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Figure III-9 The ‘H NMR spectra at 300°K of mix- 
tures of H2.0 and 99.9% D20. The solutions 
contained 0.1M NaHCO; (pH 9), 8 mM DOC and 
VarvinngeseD70 CONLENt 1) 12> yeti) Oe ie oO 
iv) 75; v) 100%. The spectra resulted from 16 
Scans using a 1 usec (9°) pulsewidth, a +250 Hz 
Sweepwidth, 8K data points and no delay between 
transients. The linebroadening was 0.2 Hz. 
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The '°F resonances at 298°K of Fphe and Ftyr in samples 
containing DOC, ammonium bicarbonate buffer (pH -9),.0)) =aind 
varying % D20 are shown in Figure III-10: Spectra A are from 
Bpee; spectra By awe, from Ftyr. As the’ % D.O is increased, 
the fluorine chemical shifts of both amino acids move 
upfield (ev). The totalo SSLIS = [=Srislamine  acid)amee 
SIIS(lock)] of replacing H,0 with D,0 are obtained from the 
Beapis  ,or the fluorine chemical shifts as functions of % 
D20, shown in Figure III-11. The true SIIS effects of each 
of the amino acids are those obtained from Figure III-11 
minus the SIIS of the HDO (-0.030 ppm) and are given in 
Table III-4. Although the chemical shifts of both Fphe and 
Ftyr move upfield with increasing % D20, the SIIS of the 
Beye ebesonance “1s Significantly (largem «than that of the 
Fphe. [The resonances upfield of the major resonances in 
Pvqure s iTT=10.Gi)Y ateegeSGB28. and. -~-62-0 *sppm are, from ithe 
carbamate species of each of Fphe and Ftyr (see Chapter 
eel A): )". 

Figure III-11 shows the chemical shift behaviours of 
Fphe and Ftyr with changing D20, when DOC is either included 
or excluded from the sample. Figure III-11(A) shows that the 
chemical shift of Fphe moves downfield when DOC is added 
while Ftyr (graph B) does not change. The chemical shift of 
Fphe in NaHCO; buffer (i) (0% D20) is -38.02 ppm, in NaHCO; 
buffer and 8 mM DOC (ii) (0% D20), it is -37.98 ppm*’ while 


~298°K. As 
27The data were collected at 302°K rather than - AS” 
well, the samples were allowed only 15 minutes to equilib 
rate (see Chapter II-F), thus the chemical shifts actually 
have more error than shown. That the points fit the line as 
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Figure III-10 The ‘°F NMR spectra of Fphe and Ftyr 
as functions of % D20. The solutions contained 
~4mM of each amino acid, 0.1M NH,HCO; (pH9) and 
8mM DOC. Spectra A are from Fphe, while spectra 
B from Ftyr. The D20 content was: i)20 ii)40 
111)66 iv)86 v)99%. The spectra were acquired at 
297°K with a 15 usec (75°) pulsewidth, +5000 Hz 
Sweepwidth and 8K data. 500 scans were collected 
with a 1 sec delay between transients. 1 Hz 


linebroadening was used. 
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Figure III-11 The graphs of the ‘°F NMR chemical 
Shrtis OL Pphe and Ftyr as functions of )%) DO. 
with and without DOC. The solutions without DOC 
at 299°K (i) contained 0.1M NaHCO3 (pH9), and 
3mM concentrations of each amino acid, while the 
solutions with DOC contained either 0.1M NaHCO3 
(pH9), 8mM DOC, and 5mM Fphe (at 302°K) (ii) or 
0.1M NH,yHCO3; (pH9), 8mM DOC, and 4mM concen- 
trations of the amino acids at €297°K) (iin). 
The lines in A are from the Fphe data, while 
those in B are from the Ftyr. The ‘’F NMR 
Spectra from which the data of lines (i) and 
(iii) were obtained were run as outlined in 
Figure III-10. The Fphe spectral data of line 
(ii) used 4K data, +1000 Hz sweepwidth, anda 
pulsewidth of 8 usec (72°). 100 scans were 
collected per spectrum and 1 Hz linebroadening 
was used. The lines were drawn using the fit 
obtained by a linear regression calculator pro- 
gram, from which the 0% and 100% D20 concen- © 
tration chemical shifts were determined. 
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Table III-4 


The SIIS values of Fphe, 4-Fphe, and Ftyr 
as -functvonsmot pH 


Fphe' Pty re 


PH [DOC](mM) Free N-/C-Blocked Free N-/C-Blocked 


7 0 G02.) 20. 07, PO S21 meee 
9 0 mi. 16 =O. th 0.26216 S327 
9 8 =G. 6 2 - = 0126 © = 
9 8 aU a6 Zs = 3 
11 0 G-0 321) 7 sO73' z 


bthe -erroréin the tSIISrvalues 1s £0.01 ppm: 
fehe data in brackets are the SIiS’s of 4-fluoro-phenyi— 


alanine. 
°all samples contained 0.1M NaHCO; except for these which 


had 0.1M NH,HCO;3. 
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in NH,HCO; buffer and 8 mM DOC (iii) (04% D20), the Fphe 
ehemical’ ‘shift is’ =-37.93 ppm. The Ftyr resonance, without 
DOCyeaseat) —61.08 ppm while with DOC, is at -61-09 ppm (both 
at 0% D20). These shifts are the same within the error of 
the data (+0.01ppm). The DOC (and whether the buffer is 
NaHCO; or NH,HCO;) has negligible effects on the SIIS's of 
the amino acids (see Table III-4). 

Figure III-12 shows the effects of pH on the chemical 
eitecs (and SIiS"s) of 4-fluoro-phenylalanine  (4-Fphe) and 
Ftyr in NaHCO; solutions. (The pH dependence of the chemical 
Shit anna SliS of Fphe, which hasvthe, flaiorine at the 3 
position of the ring, was not measured.) Graph A shows that 
increaSing the pH causes a dramatic upfield shift of the 
4-Fphe fluorine resonance: from -40.05 ppm at pH 7 (0% D20) 
£O -41.60 ppm at pH 11 (0% D0). The same trend is seen for 
Boyr 4) (oraph, 1B), though “not iso large. The Ftyr resonance 
Srartse irom -60.92 ppmvat pH Pato -o1.08 ppm (at) ¥piheo7 ato 
Bo iiGO) sppm sat pH) 14: "Cad Vewtth. 0% D20). Aswwell, «thesiisas 
of 4-Fphe and Ftyr increase with pH, the values of which are 
given in Table III-4. 

The N- and C-termini of the Fphe and Ftyr amino acids 
were then chemically blocked: the N-termini were acetylated; 
methyl esters were made of the C-termini (see Chapter iieBe 


The ‘°F NMR spectra at 299°K of N- and C-blocked Fphe and 


Ftyr in sodium bicarbonate buffer (pH 9)3 are shown in 


ifts of the 
27(cont'd) well as they do suggests that the dri 

resonances are the same in the 15 min given them, hence the 
slope (and the SIIS) should be representative. 
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CHEMICAL SHIFT (ppm) 


Figure III-12 The graphs of the '°F NMR chemical 


shifts of 4-Fphe and Ftyr as functions of % D20 
and pH. The samples contained 4-Fphe and Ftyr 
(3mM) and NaHCO; (021M). The lines in A are 
from 4-Fphe, while those in B are from Ftyr. The 
pH of the samples were: i) 11 ii) 9 iii) 7. The 
chemical shift data were taken from spectra 
obtained as outlined in Figure III-10 and were 
analyzed using a linear regression program. 
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Figure III-13(A) and (B), respectively. Both the Fphe and 
Btyreantaltogs shift upfield during the replacement of H>O 
with D2,0, the Ftyr analog shifting the most. The fluorine 
enemucal shifts asta functions of % D>0}! are plotted in 
Brouce. 1Pl-i4(A) gand§.(B) and “the: SIIS's of the N- and 
ee otocked ~flucoro-amino acids at pH 9 are given in 
paole--Lit-4. 

Tableseid-4-” ‘Containes not “omly’’ the YSPIst+s of ‘the 
fluoro-amino acids (with and without DOC) and their analogs 
Svethnout DOC) at pHi 9, but, as well, shows the data obtained 
femme pay ond 11.) The SIIS"s of both Ftyr and its analog are 
seen to increase as the pH increases. The pH dependence of 
the SIIS of 4-Fphe was also found to increase. Only the SIIS 
of the blocked Fphe was not pH dependent. (The pH was not 
taken above pH 9 for the N- and C-blocked fluoro-amino acids 
as the methyl ester is removed at alkaline pH. Proton NMR 
Spectra of a sample containing blocked Fphe were collected 
at pH 9.0 to monitor the appearance of methanol due to 
Saponification of the methyl esters; less than 10% of the 
ester was lost in the time taken for the acquisition of the 


‘°F NMR SIIS spectra.) 


Discussion 
The results given have been obtained either using 
NaHCO; or NH,HCO; buffer, including DOC or not including DOC 


and at temperatures between 297°K to 302°K. The effect of 


increasing the temperature of a Fphe sample was to Shiste aes 
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Figure III-13 The ‘°F NMR spectra of N- and 
C-blocked Fphe and Ftyr as functions of % D20. 
The samples consisted of both blocked amino 
acids (3 mM each) and 0.1 M NaHCO; (pH9). 
Spectra A are Fphe-analog resonances, while 
spectra B are from the Ftyr-analog. The D20 
content was: i) 15% ii) 54 iii) 100. The spectra 
were aquired at 299°K with a pulsewidth of 
18husec’ (90°), a Ssweepwidth of +5000 Hz) 8k 
data, and decoupling of the aromatic protons. 
600 scans were collected with 500 msec delays 
between scans. 2 Hz linebroadening was used. 


CHEMICAL SHIFT (ppm) 


Figure III-14 The graphs of the '°’F NMR chemical 


shifts of N- and C-blocked Fphe and Ftyr as 
functions of % D20 and pH. The samples contain 
both amino acid analogs (3 mM each) and 0.1M 
NaHCO;. Graph A is the blocked Fphe data, while 
graph B contains the blocked Ftyr data. The pH 
values of the experiments were: i) 7 ii) 9. The 
chemical shift data were taken from spectra 
obtained as outlined in Figure III-13 and were 
analyzed using a linear regression program. 
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resonance downfield (data not shown). The NaHCO;/DOC sample 
resonances at 302°K [Figure III-11(ii)] were upfield of the 
resonances of the NH,HCO;/DOC sample at 297°K. Thus, the 
differences in their chemical shifts could not be due to 
their difference in temperature but, rather, due to some 
effect of the sodium or ammonium ions; the exact size of the 
epfect cistnottcertain;, as otttlined im the Results. 'THEO.SIIS 
was not affected by the choice of buffer (Table III-4). 

The effect of DOC on the Fphe chemical shift was to 
move it downfield (Figure III-11), suggesting that there was 
interaction between the DOC and the Fphe. Whatever the 
Mature Worcathe vtintéraction,;, it<didenotainhibit the sinter= 
action of the fluorine with the solvent: the SIIS was not 
changed within the experimental error, thus the Fphe was not 
bound by the DOC micelles. [Prof. Poul Hansen, Roskilde, 
Denmark, working in this lab, had found that even uncharged 
solutes such as p-fluoro-nitrobenzene, were not bound by 
DOC, hence it was unlikely that even the N- and C-blocked 
Fphe was bound (results to be published)]. Those results 
showed that although one must be careful in comparing the 
chemical shifts of Fphe in solutions containing the differ- 
ent compounds given above, it was reasonable to compare 
BNC EL ASDES ts’. 

The Ftyr resonances appeared to be indifferent to 


whether the buffer was NaHCO; or NH,HCO; or whether DOC was 


present or not. Figure II1I-11(B) showed that there was 


little change in the chemical shifts of the Ftyr in a sample 
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ata2oy eK -Geontaining (NHgHCOsceand DOC atohethatorate 299°K 
containing only NaHCO;. The slight downfield shift may have 
been due to the difference in temperature between the two; 
the changes, however, were within the errors of the measure- 
ments. As well, the SIIS's were essentially the same 
Wabtee Phie4)).o° so <theeFtyrtS21Sts may also be compared to 
each other, regardless of whether the buffer was NaHCO; or 
NH,HCO3, the DOC was present or not, or whether the tempera-— 
ture was 297 or 299°K., 

Table III-4 summarized the data from the fluoro-amino 
acids and their N- and C-blocked analogs. Regardless of the 
PH or whether or not their N- and C-groups are blocked, the 
SIIS of Ftyr was always greater than that of Fphe. Greater 
Ftyr SIIS meant that there was greater interaction between 
the Ftyr ring fluorine and the solvent molecules. As _ the 
dominant contributor to fluorine chemical shift SIS effects 
was from van der Waal's forces (see the oy term in the 
Theory) *®and®since ‘vaneder Waal's forces have an r°*-distance 
dependence between the fluorine and the ‘H or 7H of the 
Solventin (HublsaandiSykes,; 1976) "then that thenFtyprySiis was 
larger than’the Fphe SIIS suggests that the solvent mole- 
cules were, on the average, closer to the Ftyr fluorine than 
the fluorine of the Fphe. The explanation for this resides 
in the Ftyr hydroxyl group. Below its pK, ([8%62 Uti the 


2*The hydroxyl and amino group dissociation constants are 
given in eiaoted THHSAwhor aDsOGandathesiopre strength of the 
0.1M NH,HCO; buffer at the pKa. The constants given here are 
calculated for H,O using the relationship given by Marshall 


(1978) (Chapter III-A). 
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hydroxyl-oxygen would be bonded to either a proton ora 
deuteron. Rotation about the carbon-oxygen bond would place 
the proton (deuteron) close to the fluorine, hence the 
possiblity of van der Waal's interactions would be greater 
than in the Fphe case where there is no particular reason 
for the water to be close to the fluorine nucleus other than 
for Ene "eleceronegativity scr Sthe"ertudrine. HOCAseEwel 
hydrogen bonding to the oxygen of the Ftyr hydroxyl would 
eentribute; @hencé*a’ oe term @6ntribution 2) Above the opk, sof 
the hydroxyl, the oxygen would no longer be binding a proton 
Or deuteron but its negative charge would be effective at 
drawing water molecules into the vicinity of the fluorine 
(again, through hydrogen bonding). 

Table III-4 also showed that the SIIS's of Fphe, Ftyr 
and the N- and C-blocked Ftyr all increase with increasing 
pa? =the-*N-*@and"’, C>bloeked=“Fphe= SPisS* bdid? not® ThesepH 
dependences of the SIIS values of the unblocked amino acids 
were the result of the titration of their amino groups (and 
FOreFLyry Sats! “ringohydroxyij© InechaptertTlIsAge thesdis— 
sociation constant in D0, for the Fphe amino group was 
FOunG* -to*sbe 2229x1077 ° 44 pRE°=9.64)9ewhi le: formPr tyr, che 
amino dissociation constant was 5.89x10-'' (pkK,%=10.23) and 
the ring hydroxyl, 6.17x10-'°® (pKon*=9.21), in 0.1 M bicar- 
bonate buffer, ~100% D,0. These pKa's are all in the pH 


region of the SIIS measurements. AS well, that the SIIS of 


N- and C-blocked Fphe was not dependent upon pH while _ the 


SIIS of N- and C-blocked Ftyr was, reinforces the suggestion 
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eiateneheenel fectss ofepHhon’the SPISisioftthe fluore-amino 
acids containing titratable groups were due to the titration 
of those groups; blocked Fphe did not contain any titratable 
groups while blocked Ftyr still had its ring hydroxyl to be 
deprotonated. 

The molecular details by which the titrations cause the 
SIIS's of the fluoro-amino acids to increase is not totally 
ebearseThe increase in SIlS*with pH’ suggests’ that as the °pH 
increases, the solvent molecules draw closer, on average, to 
the fluorine. This is easily justified in the case of the 
deprotonation of the hydroxyl group; the water would form 
hydrogen bonds with the negative charge on deprotonated 
mycicoxy) (group, This, in turn, would localize the water in 
the vicinity of the neighbouring fluorine. (This was the 
same reasoning used to explain the Ftyr SIIS_ being 
consistently larger than the SIIS of the Fphe.) The _ reason 
for the increase of the fluoro-amino acids as their amino 
termini are deprotonated is more subtle. The chemical shifts 
Opethe ring) £lucrines of both’ rphe and’Ftyr are sensitive to 
the protonation state of their amino groups. It was seen in 
Chapter III-A that the fluorine resonance of Fphe shifts 
upfield ~1 ppm while the Ftyr resonance shifts  upfireld 
“0.8 ppm, as the amino groups were deprotonated. The mecha- 


nism by which the chemical shifts are affected, also seems 


to affect the extent to which the ring fluorines interact 


with the solvent; the SIIS's of both Fphe and Ftyr increase 


as the pH is increased above their amino pK,'S. An 
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explanation of the Fphe and Ftyr sensitivities to the amino 
groups is not clear: it may simply be an electrostatic 
interaction between the positive charge of the amino group 
and the ring electrons’ thus affecting the electro- 
negativities of the fluorines on the far sides of the rings; 
Or it may be a complex effect due to the electric field pro- 
duced by the amino group dipole and its average orientation 
to the ring. The explanation of the results requires 


additional studies to be done. 
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IV. Studies of Fphe and Ftyr Labelled M13 Coat Protein in 


DOC Micelles 
A. Assignments of the Resonances of the '°F NMR Spectrum 


Introduction 

It was shown in Chapter I-B that ‘°F NMR of fluoro- 
amino acid residues in proteins can give useful information 
about the environment of the fluorine labelled amino acid. 
Phercanalysesssofomthes *°F spectrum Of a’ fluoro- aminoacid 
residue in the presence of substrates or with changes in 
temperature, pH, or solvent can give useful information as 
to the role of the particular residue in maintaining the 
protein's structure and/or function. The full appreciation 
efoothesoinformation oObtaaned sfromethes spectra though, 
requires that the fluoro-resonances be assigned to particu- 
lar fluoro-residues inthe protein.: Thus the first step in 
the analysis of any protein spectrum is to obtain 
assignments of the resonances. 

The methods of assignments are certainly as varied as 
there are proteins. A common requirement to all, of course, 
is that the amino acid sequence of the protein be known. If 
the x-ray structure is known, correlation of the behavior of 
the protein's ‘°F NMR spectrum with, for example, binding 
substrate or changing pH might allow the assignment of the 
resonance from the fluoro-residue at the binding site or on 


the surface of the protein. Barring such methods of 
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assignment, it is necessary to induce Speci ive changes in 
the spectrum. To this end, site-specific proteases and/or 
chemical cleavage may be used to remove one or more fluoro- 
residues from the protein. Monitoring the reactions using 
"°F NMR correlates the processes with changes in the reson- 
ances of the’ spectrum, thus aiding their assignments. 
Similarly, chemical labelling experiments may be used to 
Specifically modify a certain residue thereby inducing a 
corresponding change in the NMR spectrum. An alternative 
approach to assignments was done by P. Lu and coworkers, 
making use of the available molecular genetic techniques 
(Jarema et a]., 1981). They have introduced a_ series of 
point (nonsense) mutations at the tyrosine codons in the 
JacIgene (lac repressor protein) of €. COM: Using 
Suppressor positive EF. coli strains and including Ftyr in 
the growth medium, they obtained a series of Ftyr-labelled 
meprescsor proteins Lacking Feyrvat themmutant sites athe: ak 
NMR spectra of those proteins were correspondingly missing 
enemeor sthe other /of the @FPtyrosnesonances,. hencestherz 
assignments were obtained. 

Experiments to study thep structure Gor 8bphe- sand 
Ftyr-labelled M13 coat protein when bound by sodium deoxy- 
cholate (DOC) micelles are outlined in this Chapter. The 
Structure of DOC, in the acid form, is shown ineFigure 1V-*, 


This bile acid forms micelles at a critical micellar concen- 


tration (CMC) of ~1 mM when in a 0.1 M ionic. strength 


aqueous solution (Small, 1971). At concentrations close to 
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The chemical structure of deoxycholic 
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its CMC (for example 8 mM), there are 16 deoxycholate mole- 
cules per micelle; Webster and co-workers found that the DOC 
micelles containing coat protein also consist of 16 (+2) DOC 
molecules per micelle at an ionic strength of ~0.1M; there 
are two coat proteins per micelle [Makino et al]. (1975)]. If 
the DOC binds the coat protein dimer as cholate solubilizes 
lecithin (Small, 1971), the DOC molecules would be arranged 
in a double-layered ring about the hydrophobic region of the 
protein with 8 DOC molecules per ring. 

The **F) NMR spectrum of Fphe-~ and Ftyr-containing = °M13 
coat protein in DOC micelles is shown in Figure IV-2. The 
fluoro-resonances of this Spectrum result from three Fphe 
and two Ftyr residues in the protein (Figure IV-3). The com- 
parison of this spectrum to that of the Fphe and Ftyr amino 
acids (see Figure PRI) , immediately assigns the 
asymmetrical resonance at -37.76 ppm to the Fphe_ residue(s) 
apcee the doublet. atue 61.038 pom to the: Fayr residues] The 
further assignment of individual resonances to particular 
protein residues has been done by temperature and 


proteolysis experiments. The results are presented herein. 


Results 


Figure IV-4 shows the ‘'’F NMR_ spectra of DOC-bound 
Fphe- and Ftyr-labelled coat protein as a funct Yon 202 cem= 
perature. The pH of the sample was adjusted at room tempera- 
ture so that at least part of the chemical shift change with 


temperature is due to the change in pH. Figure IV-4(A) shows 
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Figure IV-4 The ‘°F NMR spectrum of Fphe- and 
Ftyr-labelled M13 coat proteins in DOC micelles 
with varying temperature. The sample and acqui- 
Sition parameters were the same aS given in the 
legend of Figure IV-2. The resonances in A are 
from Fphe labelled protein while those in B are 
the Ftyr resonances. The spectra were collected 
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the Fphe spectra. At 277°K (Figure IV-4[A(vi)]), the reson- 
ance appeared to contain at least three overlapping reson- 
ances: a broad one (~154 Hz) centered at -37.59 ppm and a 
Baguowersvonent( 758 #Hz) catl=88601 ppmeand A very broad one 
(~216 Hz) at -38.54 ppm. The relative areas, determined by 
computer Simulation of the spectrum, were approximately 
44:34:21. As the temperature was increased, the peak shape 
changed until at 327°K (Figure IV-4[A(i)]), there were three 
resonances resolved: a broad resonance (7163 Hz) at 
-36.92 ppm and two narrower peaks (35 and 33 Hz) at -37.37 
and -37.53 ppm. Computer simulation showed that their 
relative areaS were approximately 44:26:30. There were two 
maqgore ibtyr protein resonances at all temperatures 
(Figure IV-4[B(i-vi)]). The downfield resonance at 327°K (at 
-60.41 ppm) was 76 Hz wide while the upfield resonance (at 
-60.75 ppm) was 51 Hz. At lower temperatures, two additional 
resonances appeared. At 277°K, the two resonances at 
Souui® poemeland/ '=61363-¥ppm thaoadened ito i42tand#134oHz; 
respectively. The two new resonances, which appeared at 
-62.63 and -63.92 ppm, were 100 and 383 Hz wide, respec- 
tively. The relative area of the four resonances, determined 
by computer simulation, were approximately 35:38:14:23, in 
order from the downfield resonance at -61.17 ppm to. the 
upfield resonance at -63.92 ppm. 

heed stcnnenes of the Fphe resonances were obtained by 
monitoring the chymotryptic digestion of DOC micelle-bound 


fluoro-labelled coat protein. Chymotrypsin specifically 
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eleaves at phe, tyr and trp (and, more Slowly, leucine). The 
"°F NMR spectra of the digestion are shown in Figure IV-5. 
phewdigestion of Fpher is shown in the- spectra in (A). 
Figure IV-5[A(i)] was collected before the addition of 
chymotrypsin. Figure IV-5[A(ii-vi)] show the decrease in 
intensity of the narrower central component of the composite 
Fphe protein peak after the addition of the enzyme, and the 
concommitant appearance of a narrow peak upfield at 
-38.84 ppm. The time-course of the digestion is shown more 
clearly in Figure IV-6. The curve shows that the release of 
Fphe from the protein is biphasic; the intensity of the 
Narrow resonance rises quickly for the first 100 min, then 
more slowly until the completion of the digestion (724 hrs 
later). To determine what fraction of the total Fphe's are 
released in the initial burst phase, the area of the broad 
eomponent of the spéctrum in Figure IV-5[A(ivi)J_at 1.29 hr 
waS compared to the total area of the spectrum in 
Braure IV-S1A(1))]. it «was “found that /3.0f the’ m-Fphevs 
were initially cleaved. At longer times (Figure ive 
[A(vi)]), the broad protein resonance slowly disappears to a 
minimum. The area of the broad component of Figure IV-5 
[A(vi)] was 22% of the total area of Figure IV-5[A(i)]. 


Figure IV-5(B) shows the Ftyr resonances throughout the 


chymotrypsin digestion. There does not appear to be any 


release of Ftyr from the micelles as there 15 no ¥ ‘appearance 


of a narrow peak corresponding to free Ftyr-containing pep- 


Evdes (Figure IV-SpB(Ci-vi))). (Theatintensity of the bound 
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Figure IV-5 The '’F NMR spectra of the chymotryptic 
digestion at 277°K of Fphe- and Ftyr-labelled 
M13 coat proteins in DOC micelles. The micelle- 
bound coat protein sample was prepared using 
26.5 mg of each of the Fphe and Ftyr labelled 
M13 phage (see Chapter II-D) and 0.1M NH,HCO;(pH 
9.0), 8mM DOC buffer (the final D20 content was 
89 %). The resonances in A are from the Fphe 
regions of the spectra while those in B are from 
the Ftyr. The spectra were collected at the fol- 
lowing times after the addition of chymotrypsin: 
1a Oise a liky) Ossie i) Or 2 arian le Oe Vie elise 29 
Vi) 21.14. The spectra each resulted: from 25007 
scans with 10 Hz linebroadening. They were 
collected using a 16 usec (80°) pulsewidth, 
+5000 Hz sweepwidth, 4K data and a delay of 200 
msec between transients. 
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Figure IV-6 The graph of the increase of intensity 
of the Fphe chymotryptic fragment resonance with 
digestion time. The data points were obtained 
from the complete set of chymotryptic digestion 
spectra,a few of which are shown in Figure IV-5. 
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Ftyr peak does, however, decrease after a long time 
PE EQuremPiVv=5(B(v1) J). This, is, due. to linewidth ‘and T, 
changes caused by aggregation (see Chapter II-D) after 
extensive cleavage of the protein at the phe residues. 

To correlate the observed chymotryptic digestion pat- 
tern with the release of specific fluoro-residues from the 
PaoLtein, the chymotryptic digestionyof the coat protein in 
DOC micelles was monitored using paper electrophoresis. 
Figure IV-7 shows the appearance of the hydrophilic 
fragments as a function of digestion time: cleavage at 
phe 11 results in an acidic fragment, while the cleavage at 
phe 42 and phe 45 both result in basic fragments (fragment 
43-45 being more basic than 46-50 (see Figure IV-7). Lanes 
Wet XV i ange XVilecOntain. siree amino acids used as 
references; in particular, lanes ii and xvi contain aspartic 
ACUCumtOLe om nvenn a lms tandand-mlane. iii is an aliquotsof 
sample withdrawn before chymotrypsin was added while lanes 
iv-xv are of aliquots withdrawn at various times throughout 
the digestion. Amino acid analysis of the separated 
fragments from another chymotryptic digestion of the coat 
protein in micelles resulted in the assignments of fragments 
given in Table IV-1. Figure IV-7 shows, then, that 
fragment 1-11 is released first, followed by 46-50. Fragment 
43-45 is the most slowly released fragment. 

The assignment of the two major resonances of the ‘Ftyr 
region of the spectrum requires an alternative technique 


other than chymotrypsin as the Ftyr residues are apparently 
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Figure IV-7 The paper electrophoresis of the 


fragments released from the chymotryptic diges- 
tion at 277°K of Fphe- and Ftyr-labelled M13 
coat proteins in DOC micelles. Aliquots were 
withdrawn from the digestion mixture and the 
digestion stopped at the following times: Lane 
Pye Je Oemin sa Vy meorenve me Ormiv ad )) 15.0) Vii) 307 
Vit eo 1X) OUrm x eoOreex a). 1 2070xi1), 180s 
ZVI) eA ZO RIV) ween ex vmod ee xvi)» 72. Lanes: 2 
and xviii contained control mixtures of amino 
acids while lanes ii and xvii contained the 
aspartic acid standard. 
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Table IV-1 


Paper electrophoresis mobilities at pH6.5 of the 
chymotryptic fragments of M13 coat protein 


Fragment Rf 
ae ar 8 a 0.48 

S6u> mo 0 =O0459 

43 - 45 sabi) 7 
Asp 1.00 
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protected from that protease. Hagen et a]. (1979) had found 
that the Ftyr residues could be digested when the non- 
specific protease, pronase, was used. The experiment was 
repeated, using both Fphe- and Ftyr-labelled M13 coat pro- 
tein to make the DOC micelle sample; the ‘°F NMR spectra of 
the digestion are shown in Figure IV-8. The '°F NMR spectra 
erecthe Fohe- and Ftyr—labelled coat proteins, prior «06 the 
addition of the pronase, are shown in Figure IV-8, A and B, 
respectively. A Fphe fragment resonance at -37.91 ppm was 
detected within the Pirst half hour of digestion 
(Figure IV-8[A(ii)]); Ftyr fragments at -61.89 ppm were not 
seen . until approximately one hour after the addition of the 
pronase (Figure IV-8[B(iii)]). The Ftyr protein resonances 
Siow that -the ‘protein structure in’ the vicinity of the 
tyrosines changes before the Ftyr residues become digestible 
fecomoace Figure/ V-61B(i)] to Blia). lt appears, from the 
Hever spectra shown-in Figure 1V-8,-Biam)stoeBtv)p>y—-that” the 
Ftyr residue responsible for the downfield resonance is 
cleaved first. After 48 hours of digestion, only Fphe and 
Ftyr fragment resonances are seen [Figure IV-8(vii)]. The 
fragment intensities are much less than those of the initial 
protein resonances due to their longer T,'s. The resonances 
from the Fphe and Ftyr residues remaining with the DOC 


micelle are no longer seen due to the T, and linewidth 


changes that occur upon protein aggregation (as seen for the 


chymotryptic digestion). 
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Figure IV-8 The ‘°F NMR spectra of the pronase 
digestion at 300°K of Fphe- and Ftyr-labelled 
M13 coat proteins in DOC micelles. 20 mg of 
each of the labelled coat proteins was used to 
prepare the coat protein in DOC micelles sample; 
the final sample contained 0.1M NaHCO3(pH 9.0), 
8mM DOC ‘buffer »(\- 85°% D2,0).e The resonances invA 
are from the Fphe region of the spectrum while 
those in B are from the Ftyr. The spectra were 
collected at the following times after the addi- 
tatonitof ithe sononasest 1)ei0bhrsha.) 0.62; 
fis) 0,908 iv) 266277), 6.60mi) een, 

vii) 48.16. The spectral acquisition and line- 
broadening parameters were as those given in 
Figure IV-5 except that the pulsewidth was 13 
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Discussion 

In this section experiments have been done to assign 
the fluorine resonances in the spectrum of the Fphe- and 
Ftyr-labelled coat protein in DOC micelles to _ particular 
residues in the protein. From the sequence of the protein 
one expects that there will be resonances from three Fphe 
residues) (at positions ©11,. 42 ,and) 45) and+from two) Ftyr 
mesaduesortat? positions 21 and 24). The Spectra of 
Fphe-/Ftyr-labelled coat protein in DOC micelles contain 
only three distinguishable resonances at 297°K; the two res- 
Onances from the Ftyr residues are resolved, but only a 
composite Fphe resonance is observed. At 327°K three Fphe 
resonances are seen, which have approximately equal areas, 
considering the error in the measurements of the broad res- 
onances. As the temperature is decreased, the three reson- 
ances shift and broaden so that at 277°K the broad resonance 
and the upfield narrow resonance from the 327°K spectrum 
hemainegaandsa newyrbroad resonance, \upitelde ofsether «narrow 
resonance, appears) Again; theorelative "areassof) these; three 
resonances are approximately equal. Therefore, although the 
room temperature spectrum might lead one to think that there 
is only a single Fphe label incorporated into the protein 
(see Figure Iv-4), at other temperatures three resonances 
are detected. (The significance of the varying linewidths 


with regards to structure will be discussed in Chapter 


IV-B.) 
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Although the Fphe spectrum appears to not have enough 
resonances at 297°K, the Ftyr region of the Spectrum appears 
to have too many (Figure IV-4). The extra resonances upfield 
Gree cthe * doublet: appear most''clear ly in? the! 277°K and? 287°K 
epectra-in Figure I1V-4(B)[(v) and (vi)§ respectively). Their 
Origin is not completely understood, but a number of exper- 
iments have been carried out to characterize their behavior 
(see Chapter IV-B). 

The assignments of the Fphe resonances were obtained by 
comparing the spectral data of the chymotryptic digestion of 
the fluoro-labelled coat proteins bound by DOC micelles, in 
Figures IV-5 and IV-6, to the analyses of the digestion 
fragments shown in Figure IV-7. The first fragment released, 
as shown by its appearance on the electrophoresis paper, was 
1-11. This was followed by fragment 46-50 and then, most 
Slowly] Mbyo43=45 .. Comparing this data; tomthe ehanges*antthe 
‘°F NMR spectrum with digestion assigns the narrow, quickly 
disappearing, resonance to Fphell and the resonances from 
Fphe42 and 45 to the broad resonances. The spectrum around 
the free resonance becomes too complicated to determine 
whether the broad upfield resonance is from Fphe42 or 
Fphe45. One might speculate that the broad resonance that 
narrows at higher temperatures (Figure IV-4(A) is from 
Fphe45, since it is further than Fphe42 from the DOC- 


solubilized hydrophobic region of the protein, but this is 


not proven conclusively by the present data. 
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A possible assignment of the Ftyr resonances is sug- 
gested by the pronase digestion results (see Figure IV-8). 
Ftyr21 is on the edge of the hydrophobic domain of the pro- 
tein, while Ftyr24 is three amino acids deeper into the 
hydrophobic core. The Ftyr residues are not susceptible to 
chymotryptic cleavage suggesting that both Ftyr's are 
protected by the DOC. When treated with pronase, however, 
the residue responsible for the downfield resonance appears 
to be removed more rapidly than the residue responsible for 
the upfield resonance. Pronase can only digest residues that 
are in the aqueous medium so it seems that with the removal 
of the hydrophilic ends, the Ftyr residues become exposed 
(compare the oFphee spectra: to se thoseicof mtheli Ftyron in 
Figure IV-8). This suggests that the downfield resonance 
affected first by the digestion is from Ftyr21, leaving the 
upfield resonance to be from Ftyr24, although, possible 
structural changes occurring before cleavage make this con- 


clusion tentative. (Additional evidence for these 


assignments is given in Chapter IV-B.) 


B. The Exposure of Fphe and Ftyr Amino Acid Residues of M13 


Coat Protein in DOC Micelles 


Introduction 


To fully understand the mechanism by which a protein 


performs its function, it 1S necessary to determine its 


Structure sand »the conformational changes thatioccur durang 
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function. Ideally, this is achieved through comparison of 
the x-ray crystal structure of the protein with dynamic 
Structural studies (such as chemical labelling and/or NMR 
experiments). An example of a water-soluble protein’ Ss ifor 
which this has been done is bovine pancreatic trypsin 
inhibitor (BPTI) (for a short review, see Wuthrich and 
Wagner, 5'984;.° Simonet ale, 1984). 1f, however, the «x-ray 
structure of the protein is not known, then one must rely on 
the interpretation of the dynamic structural studies. 

Two types of information that can be obtained from 
dynamic studies are protein residue exposure and mobility. 
These may be correlated with the structure of the protein in 
the vicinity of the residue: if a chemical modification is 
easily achieved and/or analysis of the NMR spectrum. shows 
the residue to be very mobile, then chances are it is on the 
surface of the protein; conversely, 1f it cannot be  chemi- 
eal lyeiabellieds and/or ais sfounditto bes immobile; thenwit, us 
probably buried within the hydrophobic core of the protein. 

One must be careful, though, in applying this simple 
rule of thumb, especially in defining exposure. One method 
of measuring exposure is to monitor the permeability of 
water and/or deuterium oxide into a protein through measure- 


ment of the rates of exchange of the amide protons of the 


protein backbone (Simon et a]., 1984). Most protein amide 


protons are exchangeable within seconds. This shows that, 


regardless of where they are within a protein, the amide is 


exposed to water (whether by local unfolding or through 
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penetration of the protein (Kossiakoff, 1982)). Thus, amide 
protons within the core of the protein are exposed. On the 
other hand, some amide protons do not exchange, even on the 
timescale of a year (Kossiakoff, 1982). These slow rates 
were found to be independent of the distance of the proton 
Eromithe surface of the protein, but rather to. be part ‘sof 
B-sheet structures. Therefore, an amide proton that is close 
to the surface of the protein may appear to be buried. 
Clearly, other experiments would be necessary to obtain the 
complete information desired. 

The application of structural techniques to the study 
of membrane proteins iS more complex, yet potentially 
extremely informative. Measurements of exposure and mobility 
Bivesintormation {not only of protein struetune, bub as well, 
Gf the, topology of “the, protein San the Lipid bilayer o- 
detergent micelle: one can determine which protein residues 
are within the bilayer or micelle (the hydrophobic domain) 
and which residues are in the region of the protein outside 
them slipid .bilayer or “detergene, micelle. (the hydrophilic 
domain). The degree of protection of the protein residues of 
the hydrophobic domain by the lipids or detergent molecules 
is also of interest. With these goals in mind, experiments 
to determine the exposure and mobility of the Fphe and Ftyr 


residues of labelled M13 coat protein in DOC have been done. 


The results are described herein. 
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Theory 

The experiments used to study the exposure and mobility 
of the Fphe- and Ftyr-labelled coat proteins in DOC micelles 
include SIIS, fluorine photo-chemically induced dynamic 
nuclear polarization (CIDNP), proteolysis with pronase at 
207 OR, enaecular dichroism GED); pH titration and 
Quantitation of internal motion of the Fphe and Ftyr rings 
by the analysis of fluorine NMR relaxation data. The theory 
for the SIIS studies was decribed in Chapter III-B and the 
formulae necessary for the motion analyses are given in 
Chapter V-B. The two other techniques requiring introductory 
explanations are fluorine photo-CIDNP and CD. Their defini- 


tions are given below. 


Chemically induced dynamic nuclear polarization 

CIDNP is an NMR technique that requires a laser, a 
photo-excitable dye [such as_ flavin mononucleotide 
(FMN), see Figure IV-11] and an available tyrosine, 
tryptophanhrand/orahistidine! residue’ to Wanteract with 
theefdyeer(seeSiKapteine etvaie,auo76) thet reacti onseor 


interest occur as follows: 


FU 'F + °F 
2F + TyrOH > FH: + TyrO- 


PH sto TycO 70>  b tay cons 


wherermbt iacethe’ flavinedye,at@® andsekn is! thesdyevingthe 


singlet and triplet energy states, FH: and TyrO: are the 


radicals of the dye and a tyrosine molecule and TyrOHx 
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is the polarized tyrosine. The result of the polarize 
ation is that the tyrosine proton resonances’, iin -partic- 
ular from the 3-5 protons, are enhanced and are either 
positive or negative. The direction of the enhancement, 
whether an absorption or an emission, can be predicted 
(Kaptein, 1971) [with certain limitations (Hutton 
et al., 1983)]. CIDNP of fluorine resonances have also 
been seen with 3-fluoro-tyrosine (Sykes and Weiner, 
1980). The application of this technique to study pro- 
tein structure is due to the dependence of the 
enhancement on the direct interaction of the dye with 
the residue; it provides a method of measuring the 
exposure of the residue to the medium in which the dye 


is dissolved. 


Cirewlar darchrorsm 


CD is a spectrophotometric technique which measures 


Phemmettipticity of circuharlys spclarized@ ligntrateer 


passing through. an optically active molecule (see 
Priefelder, 11976).. The “‘corpelation johm the ‘circular 
Gichroism “(the difference between the extinction 


coefficients of the left and right components of the 
polarized light (Me) with a-helical, f-sheet and random 
Structure in proteins is empirical; the CD data of 
poly-L-lysine in a-helix, f-sheet or random coil 
Contormations ~« (Greenfield) and “Fasman; 1962) mhave been 
used to interpret the CD spectra of proteins. The 


solution of protein x-ray structures has allowed a more 
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Precise analysis: of ED Gdatanuenen efial. (1974) thave 
suggested a multiparameter method, the coefficients of 
which have been determined through correlating known 
protein structures with their CD spectra. This method 
has been used to analyse the data in this Chapter. 

The data obtained from a CD spectrum is the 
eliipticity (¢@) (=3300Ae) -astamtunetion of wavelength. 
[For the CD of protein backbone structure, hence, the CD 
of peptide amides, the spectrum is run from 200 nm (or 
less) to 250 nm]. The mean residue ellipticity at a par- 


ticular wavelength is given by: 


Vel t=. yo mine 
LOgr iC 
where m, is the average residue molecular weight, 1 is 


thes pathlength in dm, ¢ 1s) the vprotein concentration in 
g/ml and @ is the observed ellipticity in degrees. [For 
the CD experiments described herein, m =105 g/mole, 
1=5x10-2dm and c=2.90x10- ‘g/ml (see Chapter II-D).] The 
% a-helix, f-sheet and random coil are then calculated 
by using the ratios of the multiparameter equations at 
different wavelengths throughout the sensitive region of 
the spectrum (a-helix negative maxima are at 209 and 
222 nm while f-sheet structure has a negative maximum at 
~216 nm and random structure has a small positive maxi- 


mum at ~218 nm. The coefficients were those given in the 
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Handbook of Biochemistry and Molecular Brology?”.. 


a(220/225) = (62 20+1800) 1276+(0225+264)7860 
267595840 
B220 /225;) = (6220+1800)-31300(a) 
7870 
a(215/225) = (621,5+669) 1276+(0225+264) 10009 
323547520 
B(215/225) = (62,5+669)-26369(a) 
10005 
a(210/225) = (@21,0-2200) 1276+(022,.,+264)5990 
204373560 
ECALO £2 257)o0= 


(@210+2200)-24200(a) 
5990 


Peel ai220/225) + a( 215/225) 5 +aucorec > wliex 106 
3 hein cal 
%B =)[8(220/225) + B(215/225) + B(210/225)) -x:-100 
EEN EEE EA ee 
Zrancom= 100= 4a — "72 


Results 


SIIS studies 
PMhescexposure . of the (phesandehty mares. dues Otmtac 


Tabelled coat protein in micelles was “farce © probed Eby 


solvent isotope induced shift (SIIS) experiments (see 


Chapter III-B for an explanation of the theory). 


Figure IV-9 shows the ‘'’F NMR spectra of samples 


containing Fphe/Ftyr-labelled M13 coat proteins in DOC 


2*Handbook of Biochemistry and Molecular Biology: Proteins 
(Volume 3) 1976, ed. Fasman, G.D. (CRC Press, Cleveland, 


Ohi ©) pp 138-139. 
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micelles at 297°K as the HO of the solvent is replaced 
with D20. At this temperature, only Fphe11 [the narrow 
resonance at -37.76 ppm in the 87% D20 spectrum of 
Figure IV-9(A(i)] is‘ resolved and can be accurately 
monitored. The resonances from Ftyr21 and 24 are clearly 
resolved from each other at -60.87 ppm and -61.16 ppm, 
respectively, in the 87% D20 spectrum of Figure IV-9(B) 
(see Chapter IV-A). The amount of D20 in the sample 
affects the chemical shifts of these three resonances 
differently; the position of the resonance for Ftyr21 
has greater dependence upon the D20 content of the 
medium than that of Ftyr24, while Fphel1 has an inter- 
mediate dependence. The changes in chemical shifts seen 
imasehese? spéctra.,are illustrated in SFigure IV=10. 
Graom A is a plot of the Fphelt ‘chemucal shifts as “a 
function of % D220 while the lines in graph B show the 
behavior of the Ftyr21 and Ftyrz4 chemical) shifts.) the 
Smrces’’ of the westdues (src. pA Se -SiaSar. -., see 
Chapter III-B) were obtained using the data shown in the 
graphs and are listed in Table IV-2. 

The coat protein Fphe and Ftyr residue SIIS'S were 
then compared to those obtained for the respective free 


amino acids and N- and C-terminal blocked amino acids 
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Figure IV-9 The '’F NMR spectra of Fphe- and 
Ftyr-labelled coat protein in DOC micelles with 
varying D20 content. The micelle-bound protein 
Sample was prepared using 20 mg of each labelled 
phage (see Chapter II-D) and contained 0.1M 
NH,HCO; (pH 9.0) and 8 mM DOC. The resonances in 
A are from Fphe while those in B are from Ftyr. 
The-D>0 concentrations: are: 1) 67%; 170: 

iii) 50; iv) 33. The spectra resulted from 5000 
Scans at 297°K using a 16 wsec (72°) pulse, 4K 
data, +6300 Hz sweepwidth and a delay of 

200 msec between transients. 10 Hz linebroaden- 


ing was used. 
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Figure IV-10 The graphs of the ‘°F NMR chemical . 
shifts of Fphe- and Ftyr-labelled M13 coat pro- 
feins in DOC micelles as functions of %4D,0. The 
data were obtained from the spectra shown in 
Figure IV-9. Graph’A is the Pphevdatajmwhile 
Graph B is the Ftyr data:i 1), Btyr24;eiaertyrod 
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Table IvV-2 


The SIIS data for the Fphe and Ftyr resonances of 
labelled coat protein in DOC micelles 


Amino Acid Srise 
Free?;: Fphe =) iCute riage 
Ftyr = Ome 7%) 
Protein‘: Fphe 11 =O 
PEYE 2s =~ OGeo 
Ftyr24 SUE U2 


‘The SIIS units are ppm. 
2The data were taken from Table III-4 (pH 9.0); the error 


was +0.01 ppm. 
mene data, (pH 9.0)-for the Fphe and) Ftyr amino acids that 


were N-acetylated and methyl esterified are given in 


paretheses. 
‘The data were taken from Figure IV-10 and corrected for the 


SIIS of the lock resonance (Chapter III-B); the error was 
<0, O3ippm. 
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The exposure of the fluorine on the ring of the residues 
in the protein relative to its exposure in the free 


amino acids was quantitated as follows: 


PEXPOSUT C= PS ta Sam xe 800 
STTSss 


where SIIS, and SIIS,, are the SIIS values of the DLCs 
tein residue and the amino acid, respectively. The 


results are shown in Table IV-3. 


CIDNP experiments 

Ftyr residue exposure in the Ftyr-labelled coat 
protein in DOC micelles was also determined using laser 
photo CIDNP measurements (see Theory). The CIDNP exper- 
iments were done by a summer student, Mr. Meyer Aaron, 
using one of two dyes: flavin mononucleotide (FMN) or 
3-N-carboxymethyl-lumiflavine (CM-LUM); the structures 
are shown in Figure IV-11. While both dyes were chosen/ 
designed to be hydrophilic and water soluble, FMN, 
having the ‘mononucleotide attached to the flavin ming, 
might be much less able to penetrate the micelle than 
CM-LUM. Thus, FMN could interact with tyr residues 
outside the micelle, while CM-LUM, could partition into 
fhe micelle and interact with Ftyretorn pyr @.esiduc. 
Sither at the micelle/water anterfacemeor jwithins the 


micelle. Figure IV-12 shows the results of the FMN and 


CM-LUM experiments (spectra A and B, respectively). The 


dark spectra [Figure IV-12(iii)] were collected with the 
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Table IV-3 
The % exposure of the Fphe and Ftyr residues of the 


labelled coat proteins in DOC micelles as 
determined by SIIS 


% Exposure relative to; 


Residue Amino Acid Blocked' Amino Acid 
Fphe11 7+22 6+19 
Ftyr21 36+13 35+13 
Ftyr24 -8+14 -~7+12 


'The "blocked amino acids" refers to Fphe and Ftyr amino 
acids that had been N-acetylated and methyl esterified (see 
Chapter I11-B). 


zt 


D 
t > 
art ha 
: 1 Ss 
ar 
' ' 7 
» 
7a), 
; aa 
a 
ie 


: t, a ida® 


sts 26 Bewubiest ‘or 1c sagt sy 7 ‘ite 
a8 walls ol tt eae Sep s ees" Sede 


“grit @retsh* 


fils: Sapa, + 
Vf j bind oes 


perm rm 


\ ’ 
| ie 


. , 
=e 22 se. v) ey 0 ren © : 
| . . i. 
TimSeJVIR OR SG Os See ‘Tex Dt ion dels ts bsiogt . 
2 (BStTEIBIES 24 a ph 1 feat ee ae eee ‘Bad Se 


” ‘ (s-tit as 


| a ay 


Figure (kV-tve The chemicaliistructures; of the dyes 
used in the photo-CIDNP experiments on Ftyr- 
labelled coat protein in DOC micelles. 

Structure A is flavin mononucleotide, while B is 
3-N-carboxy-methyl-lumiflavine. 
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Figure IV-12. The '°’F NMR CIDNP spectra of Ftyr 
labelled M13 coat protein in DOC micelles. The 
coat protein in micelles sample was prepared 
using 15 mg of Ftyr-labelled phage (see 
Chapter II-D) and contained 0.1M NH,HCO; (pH9), 
8mM DOC (85% D20). The resonances in A were 
taken using FMN as the dye, while the resonances 
in B were using CM-LUM; the final concentration 
of dye was 0.2 umole/ml. The spectra were taken 
asefOllows:*i) light-dank; #1) lightr iia) edark. 
The spectral parameters are given in 
Chapter II-F, with only 72 scans/spectrum. The 
resonance at ~-59.95 ppm, which is present in 
all but the difference spectra, 1S a spec- 


trometer artifact. 
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laser shutter in place so that no light was allowed into 
the sample while the light spectra [Figure IV-12(ii)] 
were collected after irradiation for 1 sec. The dark 
spectra show the normal Ftyr resonances from the coat 
protein in micelles: an absorption spectrum. The photo- 
activation of the dye and its subsequent interaction 
with the Ftyr residues, results in the perturbation of 
Enews F | Spiin -state ‘populations so#that the resulting 
spectrum may be an absorption or an emission. In the 
experiment using FMN, the result was the equilization of 
the '°F spin state populations so that no resonance was 
observed. In the experiment with the CM-LUM, an enhanced 
emission was obtained; the enhancement was 6-fold. Both 
of these results are different from the '°F NMR CIDNP 
ettect found for the free Ftyr amino acid, which’ .1s "van 


enhanced absorption (Sykes and Weiner, 1980). 


Pronase digestion 

The pronase digestion of the Fphe- and 
Ftyr-labelled protein in DOC micelles at 300°K resulted 
in the release of both Fphe and Ftyr containing 
fragments (Chapter IV-A). Since the spectra in Figure 
IV-4 showed that additional Ftyr resonances were present 
at lower temperatures, the digestion was repeated at 


277°K to determine the exposure of the Ftyr residues 


corresponding to the new upfield Ftyr resonances (see 
Figure IV-13). The same amount of pronase was used as in 


Figure IV-8, hence the progress of the digestion was 


Saal ia ae 
wae: sone 
orm bswot Ee Shy Hott on edd ia os iy | 
L (iio =a? ganpca “sale vag ld, a9 
AAT) are i wo7 soi 36 thee 
Mie 
(dom S429 Mold Qsanerioszs: Gua oe ee 
-ofong ( SHE. M27 299- riyedele ne sade 
fS9Ne  PASVOSSeGL: +; (BAe aq eas. “Ra 
_ 
ftedsotien > if atioges weit oat i i 
~~) ods rel : wags eb jeep (esse vige wy 
notes in< 19 no qantas ae ab ‘gah murda 
US! ai17 esi fuss Sit “ike pneu. So r ‘ 
seu. Semeeosas.. Ot 2604, Ge suoetqitdqedy siete nige wi 
he“nedae te) /AGdeMS |n is tM angaitages 964 1 wh vim 
BE . 

stom. {bta22a Jase eanescenneeunene (Menbiadd te cole: ata 


o~ 8, a _~~ 
cart) mets"! oGinsa 1h ee ee ae etD 


bie a ' ® a 


‘ s <=" , - Po 
Ti as tiv |, S2ae Osias, YOR = ‘ 


- ~ o@ q i“ a 
(O88) gwantaw Baas 


Sstivest HOG ao poe 1G) ng: i :* 
‘ ib 7 ork my \ me i it a Pi seh a 
re ct ore , 


as hy ay ae 
, - 
a’ ~ tpt 


siuer fe? aa . ‘dae i ig a 


PRIS S35. ayow eo iia as ine 


Jn hstasde' | ew rete Tf ashe 
py eS 
‘debbie nds oi! AG aud a 


; . Tin . ul ; we 
az) aaphancest ‘ey 


Oh as been 2bw ooaniie Ee 
“ate deiwangre. asta ie 


sO mePrr =—60 S65 


Figure IV-13 The '’F NMR Spectra of the pronase 


digestion of Fphe and Ftyr labelled M13 coat 
protein in DOC micelles at 277°K. The micelle- 
bound coat protein sample was prepared using 

10 mg of each labelled phage (see Chapter II-D) 
and contained 0.1M NH,HCO; (pH9) and 8 mM DOC 
(61% D220). The Fphe resonances are shown in A, 
while B are from Ftyr. The spectra were 
collected at the following times after the addi- 
tion of pronase (final concentration 58 ug/ml): 
ie On Ais di) 0.127 sah) 92, 79> I eC Grab 0 
vi) 19.5: vii) 35.7 There are 10,000 
scans/spectrum, which were collected using 

6 usec (30°) pulsewidth, +6300 Hz sweepwidth, 4k 
data and a 20 msec delay between transients. 

15 Hz linebroadening was used. 
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much slower due to the lower temperature. The comparison 
Of the spectra of Figure IV-13(A) with those in 
Figure IV-13(B) shows that, in agreement with the 
results at 300°K, the Fphe residues are cleaved faster 
than the Ftyr residues. Resonances corresponding to 
three Fphe fragments can be resolved during the diges- 
tion: one, released quickly, whose resonance was first 
detected after a quarter of an hour (Figure IV-13[A(ii)] 
at -38.11 ppm); a second fragment, whose release was 
almost as fast as the first, was also detected after the 
first quarter of ean, hour (at 738.95 “ppm): ‘and ta * slowly 
released fragment, the resonance from which did not 
appear until two and three-quarter hours after the addi- 
evon of the pronase (Figure PV eS BAG 3.2)3] at 
=38252 ppm); >The «appearance tof *a >?’ F< NMRPresonance Srirom 
Ftyr fragments at -61.92 ppm in Figure IV-13(B) followed 
a Similar time-course to that of the appearance of the 
most otskowlyradigesting *Ephemsiragnent,; it only became 
detectable after two and three-quarter hours of diges- 
tion (Figure IV-13[B(iii)]). The upfield Ftyr resonance 
at -62.43 ppm in Figure IV-13(B(i)) was present in the 
Spectra until the Ftyr fragment resonance (at 
-61.92 ppm) became well-resolved (Figure IV-13[B(iv)]). 


The upfield Ftyr resonance, then disappeared with 


continued digestion (Figure IV-13[B(v-vii)]). 
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CD experiments 

To determine whether the upfield Ftyr resonances 
present in the low temperature spectra were the result 
of extensive changes in the structure of the protein, CD 
spectra of the protein in DOC micelles were recorded at 
temperatures between 279°K and 323°K. Sample spectra of 
the ellipticity as a function of wavelength are shown in 
Figure IV-14. The spectra were used to calculate ¥% 
a-~helix, % B-sheet and % random coil content of the pro- 
tein using the formulae given in the Theory Section?°; a 
graph of the results as a function of temperature is 
shown in Figure IV-15. The errors were calculated as 
shown in Chapter II-D. The only effect seen over the 
temperature range studied was a small decrease in the 
content of a-helix and B-sheet with concommitant rise in 
the % random coil (from 0 to 10% as the temperature was 
Tai sSedmesromegs 4 kh tows hy) TaPeNMRespectaa asta func- 
tion of temperature were run using the same sample. The 


results were the same as shown in Figure IV-4. 


Peet vera tion 

The behavior of the fluoro-resonances with pH was 
also monitored. The experiment was done using 25 mM 
Sodium borate rather than 0.1 M NH,HCO; to prevent 


anomalies due to the carbamate formation of lysine amino 


Domheal soeteicrents used in the calculations were determined 
at room temperature so they are not completely accurate over 
the temperature range at which the measurements were made. 


The error introduced, however, was small. 
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Figure IV-14 The CD spectra of Fphe- and 
Ftyr-labelled M13 coat proteins in DOC micelles 
aseal function off temperatures Pe The coate protein 
in micelles sample was made using 11 mg each of 
Fphe and Ftyr labelled phage (see Chapter II-D) 
and contained 0.1M NH,HCO3; (pH9.0) and 8mM DOC. 
The temperatures shown are: i) 323°K; ii) 294; 
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Figure IV-15 The graphs of the % a-helix, B-sheet 
and random coil in the labelled M13 coat protein 
in DOC micelles as a function of temperature. 
The data were obtained from the analyses of the 
CD spectra in Figure IV-14 (where only three 
spectra of the series were shown). The curves 
are: A) a-helix; B) B-sheet; C) random coil. 
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groups (see Chapter III-A). The PH was adjusted at 
287°K. Figure IV-16 shows the Fphe (A) and Ftyr (B) 
Spectra, asa the pH was ancreaseaytrom 7.73)to 11l85uat 
287°K. The Fphe resonance did not have much dependence 
on pH, but the behavior of the Ftyr resonances was 
interesting. The upfield Ftyr resonances were observable 
geepH 10 Jiand’ less (Figure 1V—l6[5(ima-v) ]). Asathe px 
was increased above 10, however, the intensities of the 
upfield resonances decreased. AS@ewell, « them iwi yr 
intensity of the major Ftyr resonance increased until, 
atepH) 11 85, \partial resolution of the Mtyr21cand Fryr24 
resonances is obtained; an increase in pH causes similar 
effects to those seen when the temperature was 
increased. 

The behavior of the Fphe11 and Ftyr21/24 chemical 
shifts and the upfield Ftyr resonance intensity with pH 
16" shownys in Figure. hV-17.. “Therefis little change in 
chemical shift for the Fphe resonance (curve (C)). The 
chemical shift Ftyr21/24 resonance moves upfield with 
increasing pH and is shown in curve (B); the simul- 
taneous decrease of intensity of the upfield resonances 
relative to the total Ftyr resonance intensity is shown 
in curve (A). Analyses of the two Ftyr curves using a 
non-linear least mean squares program gave a pKa for the 


Ftyr chemical shift titration of 10.2540.07 while the 


"oka WO tatne- decrease in intensity of the upfield reson- 


ances was 10.10+0.10. 
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Figure IV-16 The '’F NMR spectra of the pH 
titration of Fphe- and Ftyr-labelled M13 coat 
proteins in DOC micelles. The coat protein in 
micelles sample was prepared using 14 mg Ftyr 
and 16 mg Fphe phage (see Chapter II-D) and 
contained 25 mM sodium borate (pH 9.0) and 8 mM 
DOC (final D,0O content was 43%). The spectra in 
A are from the Fphe residues, while those in B 
are from the Ftyr. The pH values are: i) 911285; 
PPO VS 2 Sk) DIE ei Vv P00 fe pans. eihe 

Spectra were acquired at 283°K using the same 

Parameters aS in Figure I1V—l3; excepe theatea 

7 usec (45°) pulsewidth and no delay between 


transients were used. 
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Figure IV-17 The graphs of the '°F NMR chemical 


shifts of the Fphel1 and Ftyr21/24 resonances 
and of the intensity of the Ftyr upfield reson- 
ances’ (relative: tomthe: total’ Ftyr’ resonance 
intensity) as functions of pH. The data were 
obtained from the spectra shown in Figure IV-16 
(where only five spectra were shown). The curves 
are as follows: A) the upfield Ftyr resonances 
relative intensity; B) the major Ftyr resonances 
chemical shift; C) the Fphe11 resonance chemical 


shift. 
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Pe EeNMR relaxation data 

Table IV-4 shows the spin lattice relaxation times 
(T,) and the linewidths of the Fphe11, Ftyr21 and Ftyr24 
resonances at 299°K. The T,'s were measured at 254 MHz 
using an inversion recovery technique (see Chapter II-F) 
and analysed using a three parameter-fit program (Levy 
and Peat, 1975). The linewidths were measured using a 
curve-fitting program and have been corrected for con- 
tributions from both the linebroadening used to improve 
the spectral signal to noise ratio and the width of the 
Fphe and Ftyr amino acid J-coupling. This data will be 
analysed to quantitate the ring mobilities of the Fphe 
and Ftyr residues of the labelled coat protein in DOC 


micelles. 


Discussion 


As suggested in the Introduction, structural informa- 
tion can be obtained from the determination of residue 
exposure and/or mobility. For membrane proteins, the 
topology of the protein relative to the hydrophobic bilayer 


Or micelle can also be determined. The chymotryptic and 


pronase digestions described in Chapter IV-A have suggested 


the relative positions of the Fphe and Ftyr residues 


relative to the micelle: Fpohet!, 42, and 45 are “exposed” to 


both proteases while Ftyr21 and Ftyr24 only become exposed 


to pronase after significant digestion ofthe protei nome ne 


differences in rates of cleavage between the Fphe residues 
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Table IV-4 


The ‘chemical shift, T,, and linewidth data 
of the '°®F NMR resonances of Fphe- 
and Ftyr-labelled M13 coat protein in DOC micelles 


Residue Chemical shift(ppm)' T, (sec) Linewidth(Hz) 


Fphe1 1 mofhers WC: ae Za 
Fphe(?) * S725 . 230250 
Ftyr21 -60.86 0.40 36+5 
Ftyr24 =Oieut 0.43 ape 5 
EtyrG?) 26NG 97, 0.24? 81+10 
Poyr (7) af Poets e 330+50 

‘Al1] measurements were made at 299°K. 

minewerror ian the T, values were 2 0202 sec. 

Phe ercormmn this "Ph; evalueiwas  .0)...03 "see. 

‘The residues denoted by (?) are Fphe and Ftyr resonances 

that dhave not ‘been assigned tova particular residue. 
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may be due to either primary sequence Specificirtiesonand/or 
secondary and tertiary structure. The lack of exposure of 
the Ftyr residues to the chymotrypsin indicates that the 
micelle protects those residues; they only become exposed to 
pronase after release of the hydrophilic ends, suggesting 
that there was disruption of protein structure in the 
weeanatyeot thes Ftyraresidues: 

Lt was’ also) suggestedein the»sIntbroduction that: one must 
be cautious when talking about exposure of residues: a 
residue which may be exposed by one technique, may seem 
buried by another. This is exemplified by the SIIS_ results. 
Table IV-3 shows that Ftyr24 is less exposed to water 
compared to Ftyr21. This agrees with the pronase digestion 
results (which prompted the assignments of the two reson- 
ances). The sequence position of Ftyr24 is further into the 
hydrophobic domain of the protein (see Chapter I-C), hence 
would be expected to be further buried in the micelle and 
less exposed to water than Ftyr21. The anomaly occurs when 
Ehenexposure ofnFtyr21 is comparedtto thatesote Pphediiptand; 
indeed, eee therexposure of IFphel |@isscomparedsto thateof 
free Fphe. The Fphel1 appears exposed to enzymes for diges- 
tion, but buried from solvents. SIIS is predominantly due to 
banederaWaalseand Habonding mintveracti onsmeseGhapter pei se) 
Thus, direct contact between the ring £flyerine and water 
motectlest*aresnecessary. The posSitionvof Fryr2 in the amino 
and micelle structure suggests that carboxyl 


acid sequence 
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DOC itself) may be involved. These would hydrogen bond to 
water creating an artificially high concentration of water 
close to the Ftyr fluorine. This might explain why the 
Ptyr2 1 SRESutishchrghp!'‘evenitthough Sit sie not readily 
susceptible to proteases. The explanation for the low value 
of the Fphe residue is not so easily found. One question is 
whether the free amino acids are good controls for 100% 
exposunemtofprSsris © asi ‘they’ havenebothe charged amino fand 
carboxyl groups. Chapter III-B showed that there was no sig- 
nificant difference between the SIIS of the charged and N- 
and C-blocked amino acids. As well, Table IV-3 gives the 
% exposures obtained using the pH 9.0 SIIS's of the N- and 
C-blocked amino acids; the % exposures are the same regard- 
less of the control used. Another question is whether the 
denatured coat protein would be a better control for _ the 
100% exposed residue. Six molar guanidine-HCl was found to 
gauseefthe (DOC tland/or <iprotein ito! tpelymenize~ 7 8M tured 
eolubriized ithe (iproteim (but eseauseede amedécweaseniiim ISIES 
compared to the native state. It appeared to be forming a 
complex with the protein thus limiting water-access. A final 
test of the use of the free amino acids as 100%-exposure 
controls was done by Dr. Poul Hansen (visiting Professor in 
this laboratory from the University of Roskilde, Denmark). 
He determined the SIIS of the Fphel1 resonance of the chymo- 


tryptic fragment 1-11. He obtained a value of -0.16 ppm; 


2>1Panford and coworkers obtained the same result but also 
found that if the concentration of the guanidine-HCl was 
greater than 7.3 M, denaturation could be achieved (Nozaki 
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this 1s the same as the SiS» Yot **theé \fréet Epiie 
(Chapter III-B). Hence, the low SIIS of the Fphel1 fluorine 
of the micelle-bound coat protein appears to be due to the 
Structure about the Fphe11 residue and not due to a poor 
choice of control; it seems that the Fphe ring fluorine 
resides, at least partially, in a hydrophobic pocket (it 
must have some exposure to the solution, however, to allow 
the chymotrypsin to recognize, bind and cleave the Fphe 
residue at the observed rate.) 

One other technique was used to measure exposure of the 
Ftyr residues: laser photo CIDNP-measSurements. Figure IV-12 
shows that CM-LUM interacts with the Ftyr residues much more 
than FMN. As CM-LUM is lipophilic and is similar in struc- 
furectotthe DOC «(compare Figures IV-1 and IV-11), “it *would 
be expected to intercalate into the micelle and react with 
residues within the micelle. The relative area of the Ftyr21 
resonance to the Ftyr24 resonance is approximately 1 prior 
to irradiation (found in the usual NMR spectra), while it is 
0.70 after irradiation. Hence Ftyr21 interacts less with the 
dye) than trtyr 24's ¢pessibly®indicatingmt is’ Tess buried y than 
fiyr 2000 Thiseidatiny ‘as ewell, sagrees” with) “thew niiaal 
assignments of the resonances Corresponding ™ tome tyr2 freand 
Piye24 palsiing athe <logice: outlined previously. 

The experiments discussed so far demonstrate that the 
coat protein in DOC micelles is not a random coil, but 


contains secondary, if not tertiary, structure. Further 


evidence: efor istructure was seen in the spectra ‘of Fphe="and 
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Ftyr-labelled coat protein in DOC micelles at different tem- 
peratures (Figure IV-4). At 327°K the Fphe resonances could 
be fit with three Lorentzian lineshapes: two narrow and one 
broad; this changed as the temperature was decreased until 
at 277°K, a fit required two broad and one narrow. The tem- 
perature behavior of the Ftyr resonances was even more 
dramatic. At 327°K, there were two narrow Lorentzian reson- 
ances seen, while by 277°K, there were two narrow and two 
broad resonances present. Chemical shift changes result from 
changes in the magnetic environments about the nuclei and 
resonance linebroadening results from decreasing internal 
motions (assuming that the broadening is not due to exchange 
processes and that the population of micelles is 
homogeneous.) There were changes in both the chemical shifts 
and linewidths of the Fphe and Ftyr residue resonances with 
temperature thus suggesting that therev*are!astructural, dif= 
ferences between the proteins at high temperature compared 
to the proteins at low temperature. 

CD spectra were coliected over the temperature range of 
280-323°K to determine whether gross structural changes in 
the DOC micelle-bound coat protein occurred. The shapes of 
the curves in Figure IV-14 showed that there was consider- 
Bbie tasheliacal contenthcatheabletemperaturesemeasuredtapas 
well, that the ellipticity values returned to zero outside 
of the absorption band (>240 nm) indicates that the contri- 
spectrum due to lightscattering are 


butionse tocnthe 
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spectrum collected at 280°K shows that there is 63+2 % 
a-helix, 37415 % B-sheet and 0+15 % random coil structure 
present.’in.«the ‘DOC micelle-bound Fphe- and Ftyr- labelled 
M13 coat proteins (see Figure IV-15). This agrees fairly 
well with the results of others (Makino et al., 1975-¢) Nozaki 
et a]., 1976; Williams and Dunker, 1977: Chamberlain et als; 
1978) Figure IV-15 also shows that, within experimental 
error, the relative contents of a-helix, B-sheet and random 
coil do not change dramatically over the temperature range. 
Above 300°K, the increase in % random coil may be indicative 
of a loosening of the protein structure at the hydrophilic 
ends, resulting in the resolution of the three Fphe- reson- 
ances; below 300°K, there was little change in structural 
content. Thus, the development of the broad upfield Ftyr 
resonances at temperatures below 298°K as well as the 
changes in the Fphe spectra over the temperature range, are 
pornthearestl ti of) gross: conformationalechangessofi thesentire 
Proteinapbutes rathers »appeari togebeiwiocalazs Theil, dack of 
resolution of the Fphe resonances at most temperatures made 
theirustudy difficult. |The cFtyr: resonances; sare). resolved 
enough to allow further analysis. To study the relationship 


between the Ftyr residues corresponding to the resonances of 


the two major peaks to those responsible for the upfield 


Ftyr resonances, two experiments were done: 1) a pronase 


digestion at 277°K; and 2) pH ta treat Vongatiecrane 


The pronase digestion (at 277°K) showed clearly the 


order of release of the Fphe and’ Ftyr residues. 
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The narrow resonance from Fphel1 of the protein spec- 
trum is the first to disappear, hence the fragment resonance 
at -38.11 ppm, that appears at the same rate, contains 
Fphei1. The relative rates of appearances of the other trag= 
ment resonances combined with the observation that the last 
Fphe fragment resonance appears with a similar rate as the 
Biyr2i efragment “resonance \(FigurevlV-13))*suggest “that the 
Bphepiragment cresonance «at p-38.95fppm tisentromG-a fragment 
containing Fphe45, while the most slowly appearing fragment 
resonance at -38.52 ppm is from a Fphe42-containing peptide. 
Confirmation of these assignments requires the correlation 
enethesispectral©< data .with "the otcharacteriization* ‘of the 
fragments released (as was done for the chymotrypsin diges- 
tion.) The Ftyr resonance assigned to Ftyr21 is seen to 
decrease in intensity at the same time as the last 
protein-bound Fphe resonance. As well, the upfield Ftyr res- 
onance at -62.43 is present through the spectra (i) to (iv), 
but idisappears with *continued digestion. 'This*indicates that 
removal of a certain number of Ftyr21 residues (or other 
residues before and including Ftyr21) disrupts the inter- 
action causing the upfield resonance. Little of Ftyr24 is 


removed by this time. Thus, at téeast Ftryr2t, vi snot “Rtryrz4- 


is responsible for maintaining a structure of the»protein 


which exhibits the upfield Ftyr resonance at -62.43 ppm. 
The pH titration of Fphe and Ftyr labelled coat pro- 
PeinserncDOCemicelles iatt287°R showed #interesting ebehaviors 


Increasing the pH from 7.73 to 11.85 had Similar effects as 
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increasing the temperature on the '°F NMR Spéectrayapanticuc 
larly for the Ftyr resonances (compare Figure 1V-16 to 
Figure 1V-4). Further, the pKa determined from the loss of 
the upfield resonance intensity was the same as the pKa 
determined from the change in the Ftyr chemical shift (see 
Figure 1V-17). Thus, ionizations and/or deionizations of 
some, aS yet, unidentified residues appear to disrupt the 
interactions causing the upfield Ftyr resonances. 

AmMinNOsvandhetyrshydroxyle>groups bothfhave=pka's inbthe 
region of pH 10; this presents a number of possibilities for 
the origin of the upfield resonances. The protein is a dimer 
when bound by DOC micelles (Chapter I-C). Thus, if they are 
in a head to tail orientation, there may be inter-chain 
interactions between glutamic acid 20 and lysine 40. An 
alternate» possibility is that Ftyr21 (or tyr21) .may»sstack on 
Btyr24ooretyn24) ‘resultingeinean alntraschainteimnteraction. 
Ghia ‘would «suggest thata theolprotéunm i1saashelvoaltin the 
region of the tyr residues. Additional experiments, includ- 
enguctheeddeterminationhofathe pelabive onrentations ofsthe 
proteins in the micelles and the titrations of tyr and lys 
residues by proton and/or carbon NMR are necessary to deter- 
mine all of the residues involved. 

The last type of experiment performed to give struc- 
tural information of Fphe- and Ftyr-labelled M13 coat pro- 
teins in DOC micelles was the motion analysis of the ‘°F NMR 
relaxation data. Qualitatively, one can observe that there 
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micelle-bound coat protein; there are always both narrow and 
broad components in the Fphe and Ftyr resonances. The width 
of a resonance reflects the overall motion of the nucleus in 
solution: the faster the nucleus tumbles in solution; ‘the 
Narrower will be its linewidth (thus, the amino acids have 
Narrower lines than the micelle-bound protein residues, 
which are narrower, in turn, than the resonances for the 
coat protein in vesicles). The presence of internal motions 
faster than the overall tumbling time (for example, about 
the saB- and By-bonds in-Fphe and Ftyr)» causes additional 
Narrowing of the resonances. If the micelles in the samples 
are predominantly of one size, the distribution of line- 
widths seen in any one spectrum reflect a distribution of 
internal motions: the narrow resonances are from. residues 
having rapid internal motions, while the broad resonances 
are from residues that are essentially restricted to moving 
with the micelle ywtas sia tewhohe. These vahbationemmarcthe 
frequencies of internal motion suggests that there are 
structured regions in the coat protein, whether as a result 
of intra- or inter-protein interactions or interactions with 
the DOC. 

Theemmotions cofelthesfphe jandpphtyee mings. in DOC 


micelle-bound labelled coat protein have been quantitated. 


The analysis used the model-dependant approachthatwis  yout- 
Lined® inadetail iniChapter<V-BicThe calculated results owere 


compared with the linewidth (Av) and spin lattice relaxation 


time measurements of the micelle-bound protein resonances. 
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Briefly, the model for the Fphe/Ftyr ring motions (shown in 
Figure V-8) allows free rotation about the Byzbond “wrthea 
diffusion constant Dz, wobble through an angle yo. about the 
aB-bond with a diffusion constant D,, and overall spherical 
symmetry for vesicle (or in this case, micelle) rotation in 
Souutnron, With a ‘correlation time: ro (= 1/(é6D). The 
assumption that the micelles are spherical, will be dis- 
eussed»-further.—Both---dipole-dipole--and=<chemical shift 
anisotropy relaxation mechanisms were included; dipolar 
interactions were assumed to only occur between the fluorine 
and neighbouring ring protons. Computer programs were writ- 
ten (given in Appendix B) which calculate the T1T,, Av and 
nuclear Overhauser effects (nOe) when given 7., D;, D2 and 
Yo. The best-fit values for both the Fphe and Ftyr residues 
ares—given<in--Table-1V-—5. -The-comparrson-of -the-results=for 
the resonances assigned to Fphel1, Ftyr21, and Ftyr24 shows 
that there was not much difference in the wobble frequencies 
about the afB-bonds, nor in the rotation frequencies about 
the By-bonds. The key differences were in the yo angles, 
M0etron* Fphe 11, ‘B0°5£0r* Ftyr21, ana WO \POrs EC yr24ey nee ai 
cases, the linewidths fit well but the T,'s were too long. 


Inspection of the sample results in Appendix B show that at 


each yo value, the linewidths do not change much with 


increasing D, and D;, while the T,'s have definite minima at 
the D, and D, values given above; hence they were chosen. 
That the values of T, at the minima were too long, suggests 


that there are more interactions present than the model 
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Table IV-5 


The T, and linewidth results calculated 
using the best-fit values of D,, Dz and yo 


Residue T, (sec) linewidth(Hz) 
Fphe11' 0.68 (0.38) Bopha) 
Fphe(?)? - 258 (232) 
Pryr2i: OF FO 02e0)) oF (36) 
Ftyr24* Oe 72 (0543) 45 (47) 
Rey rue) 0289 (C0..24) 8181) 
Ftyrite 2 x 3054% 385) 


All results were calculated using 1r,=3x10°’ sec. The values 
in parentheses are the experimentally measured data, shown 


an Table Iv-4. 
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takes into account. Rapid interactions with neighbouring 
residues and/or DOC molecules are implicated. 

These values were obtained using a correlation time, 
fet Ofer 0%’ sec ifor the micelle rotationa:This avalue was 
chosen as the correlation time which allowed the calculated 
linewidth for motions with D, and D2; << rt, to be comparable 
to the broad lines measured in the Fphe and Ftyr spectra as 
well aS giving the shortest T, values (see Table IV-5 and 
the sample results in Appendix B; the T,'S decrease slightly 
with decreasing Ue while the linewidths decrease 
proportionally.) An approximation of the correlation time of 
a protein in solution may be obtained by knowing the molecu- 
lar weight of the protein (Marshall, 1978; Brauer and Sykes, 
1984). The volume of the protein (Vp) may be calculated 


using the protein's molecular weight (Mp) by the following: 


Vp = Mply, + S'yy] 
No 


where py, is the partial specific volume of the protein 
(~0.72cm?/g), 6' is the amount of water bound to the protein 
(~0.35g (H20)/g(protein)), py is the partial specific volume 
of water (~1cm?/g), and No is Avogadro's number. Once Vp is 


determined, it may be substituted into Stokes~ Einstein 


equation to obtain 7;-: 
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ete Be mstthel solution’ viscositys. ki dis tthe:hiBoltzmam ‘cont 
stant and T is the temperature. When the protein is ina 
detergent micelle, a third component is added: the deter- 


gent. Hence, a third term in the equation must be added: 


Vine SMpl yO 44.5! vapae cee) 
No 


where Vm is the volume of the micelle, Mp is now the molecu- 
lar weight of the protein per micelle, xk is the amount of 
cecergentibound per protein: (9="0063g21 DOC/q coatoeiprotein, 
Makino et a]., 1975) and v, is the apparent partial specific 
volume of the detergent (= 0.765 cm*/g, Small (1971)). 
Soimings ifort" Vm," \tusiing?? al Mp ‘ofe 401480) ‘G/mole for theweoat 
proveimidimer (see * ChaptéerivadV-A) icone) ® obtains! alovm) of 
gee 10n2° Dem te which)! results ointhwe paeteom “exits sec We 
eect). his: ais) cugnict icantly* smal lerarthate thetibest —furgticon= 
relat iontitiime ofoi3s107e secs (300! nsec): 

Phe! explanation for ‘the discrepancy may! ibe’ iain s'onerh'of 
the three assumptions made in using the equation for Vm: 1) 
there may be more water bound to the micelle-protein complex 
than is included in the relationship; 2) the micelle-protein 
complex is probably non-spherical; and 3) the solution 
viscosity is higher than that of water alone. The calcu- 
lation allows for 0.35 g water per gram of protein. This 


value is probably high for the coat protein as ity tics 


extremely hydrophobic. The relationship, however, didanor 


ineladelethe water that would: be ‘bound'by the: DOC "so that 
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waS assumed that the over- estimation for the protein would 
approximately cancel the under-estimation for the bile acid. 
This may not have been a good assumption; more water may 
actually be bound by the DOC, thus the effective micelle 
volume may be larger than calculated. The second possibility 
moutascontributeslittbesatoer, . FrombSmall( 1974) ap0Cceis: Sek 
agucss ithe*plane ofsthée *rings,415 A@long)GandrésAnthick., bin 
ShapeerualVTA, onthe coat protein-micelle complex was 
described: the hydrophobic domains of the coat protein dimer 
are surrounded by two rings of DOC molecules (8 per ring). 
Given the dimensions of the DOC, the diameter of the hydro- 
phobic domain of each coat protein would be ~10 &. This 
Tesults#inwanrestimatevof ithe micetlenwidthiofn320A2 The. DOC 
molecules are ~15 & long thus the micelle length would be 
30 AeEOORPrethetvtotal bength offtheaproteain optsidelofvthe 
micelle is estimated to be 45 A, then the total length of 
the complex would be ~75 &. The axial ratio would then be 


75 /32202. 3 milnsPigure 17523 of Marshallpe( 1978) aitayrsopshown 


Phatetan Taxial sratiolcofec” 4oyishenecessarynatosrecauserthe 
frictional ratio f/f. to vary from 1, when the molecule is a 
sphere (a/b = 1), to 1.25. Thus, even if the axial ratio 


éstimatedeabove wasswrongetocthes limit ofea/bGeqa,ethe 9 cor; 


relation time, 7., would only increase by 1.25 times (7. and 


f are proportional). The third aSssumptl onpeBthaterywecan = be 
taken as the viscosity of water at 300°K, is likely a source 
of error. The addition of solutes, particularly macro- 


molecules, causes 7 to increase (Marshabige 1978 sakrertetdent 
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1976). Whether the viscosity of a sample containing 0.1M 
NaHCO;, 8mM DOC and ~1mM M13 coat protein is fifty times 
more viscous than water, would have to be determined. 

One other possibility for the difference between the 
calculated correlation time and the r, determined from the 
linewidths of the resonances is that the resonances for 
Fphe; 41, Ftyr 21 and) Ftyr 24 are not single: resonances but 
are actually composite resonances having similar linewidths 
but slightly different chemical shifts. This situation could 
be tested by measuring the Tz relaxation times of the reson- 
ances, for example, a Meiboom-Gill technique (see Farrar and 
Becker, 1971). 

The experiments in this Chapter have given some insight 
as to the structure of the M13 coat protein in DOC micelles. 
The exposure studies showed that although Fphel1 is very 
Susceptible to proteases, water does not have easy access to 
Phe ering fluorine. This suggests that =the Fphev 1s) not out in 
solution, but spends some of its time in a_ hydrophobic 
pocket. This is supported by the motion analyses in that 
Pohe i? is not significantly more mobile thangeither (of gene 
Ftyr residues. Ftyr21 and Ftyr24 were found to be protected 
from chymotrypsin and interaction with the hvdrophidicsidye: 
FMN. In particular, Ftyr24 is not accessible by water, as 
indicated by the SIIS experiments, and interacts with the 
lipophilic dye, CM-LUM, thus Ftyr24 seems to be oce within 
the micelle. Ftyr21, on the other hand, appears to be at the 


water/micelle interface as it is exposed to water, is the 
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first Ftyr to be released by pronase, and interacts less 
than Ftyr24 with CM-LUM. Structural changes appear to occur 
in the vicinities of the Ftyr and Fphe rings with tempera- 
Gurenne Theso iF tyr temperature dependence is partially 
reversible by increasing the pH to greater than 11, hence 
the interaction involves either an ionic bond, or wring 
stacking. Finally, the presence of both broad and narrow 
resonances at all temperatures studied indicate that the 
protein dimer contains regions of both immobile and mobile 


protein residues, suggesting the presence of structure. 
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V. Fphe and Ftyr Labelled M13 Coat Protein Reconstituted 


into Phospholipid Vesicles 
A. The Exposure of the Fphe and Ftyr Residues 


Introduction 

The study of an intrinsic membrane protein can be no 
more complete than to characterize its behavior in its 
native environment: a membrane. This, however, has been 
difficult with regards to most physical and biochemical 
approaches to the study of the protein due to the reasons 
discussed in Chapter I. Hence, physical biochemists, includ- 
ing NMR spectroscopists, tend to prefer detergent micelle- 
bound membrane proteins. 

Experiments with membrane proteins in micelles can 
certainly give useful information. Their smaller size 
compared to lipid vesicles (hence narrower linewidths) may 
allow the resolution of individual residue resonances; 
detailed analyses of structural and mobility changes can be 
monitoreds (see? Chapter. 1V)s, Micelles, however, cannot 
imitate membranes completely. Some types of detergents form 


small micelles, so that no more than one or two proteins may 


be bound per micelle. Thus, the communication, if present, 
between proteins in a membrane is not allowed between pro- 


teins in -micelles. The cooperativity present between the 


lipids of a membrane bilayer (as exhibited by the gel to 


liquid crystal phase transition) may also have effects on 
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the structure or motions of a protein surrounded by them. 
For membrane proteins possessing measurable activities, the 
presence of specific lipids and the orientation of these 
proteins across the bilayer have been found important. Thus 
studies with lipid-bound proteins, although they may seem 
less spectroscopically and biochemically satisfying, are 
necessSary*to complete the picture of a membrane protein"s 
biological dynamic behavior. 

The coat protein from M13 coliphage’ “is ~a ‘cytoplasmic 
membrane protein during infection (see Chapter I-C). It is 
found oriented with its N-terminus in the periplasmic space 
and its C-terminus in the bacterial cytoplasm. Its function, 
during infection, is to aid the phage DNA through the lipid 
bilayer to both’*entér ‘and ‘leave ‘the cell? Clearly, the 
Orientation of the protein ‘across the cell ‘membrane and 
(perhaps) communication between protein monomers (to allow 
smooth entries and exits) are necessary for its biological 
function in the membrane. As well, it has been found to 
cause an increase of synthesis of cardiolipin in the E. coli 
(Chamberlain and Webster, 1976). Although cardiolipin is not 
(or fd) infection (Pluschke et a/., 1978), 


essential for M13 


it may enhance some aspect of the coat protein’ Ss activity, 


Its activity (of phage DNA transport), is difficult to 


quantify, hence the differences between its structure and 


internal motions in the micelles compared to the membrane- 
bound form are not readily measurable. The best that one can 


do is to compare the results of dynamic experiments done on 
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Eneemicelle—bound protein to. data obtained from experiments 
done on lipid-bound protein; NMR studies of the behavior of 
Fphe and Ftyr residues of labelled M13 coat PEOte ining 'Ssyn- 


thetic lipid vesicles are described herein. 


Results 

Figure V-1 shows the ‘°F NMR spectrum of Fphe- and 
Ftyr-labelled M13 coat protein reconstituted into synthetic 
lipid vesicles, consisting of 80% dimyristoylphosphatidyl- 
choline(DMPC), 10% cardiolipin (CL)*?, and 10% dipalmitoyl- 
phosphatidic acid (DPPA); the structures of these lipids are 
Syownp. an Figure V-2.. The lipid. tompretenn ratio ot these 
vesicles was 54 + 8 (see Chapter II-E). From comparing the 
spectrum in Figure V-1 to those of the coat protein in 
micelles (Figure IV-2) and of the free amino acids 
(Figure III-1), one can immediately assign the resonance at 
—3c.0 ppm to the Fphe residues andemesonance at  =6 0.0m gppm, 
feousthe |) Ftyr residues. Neither themgecoupling of thegaing 
Protons to the fluorine’ (seen An gehygqure ss] 2) enor eae 
Partial resolution of the fluoro-resonances from Frtyr2 i and 


24 (Figure IV-2) are seen in the spectrum of Figure V-1 due 


to the width of the lines. 


Figures V-3, 4 and 5 show the effect of temperature on 


the Fphe and Ftyr resonances. In these vesicles, the mono- 


Plucrinated lipid, 8-fluoro-dipalmitoyl phosphat idylcholine 
(8-FDPPC) was also included in the preparation to allow the 


>2The CL is from beef heart thus the fatty acyl chains will 
be a mixture of stearic and oleic acids. 
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Figure V-2 The chemical structures of dimyristoyl- 
phosphatidylcholine (DMPC), dipalmitoyl phospha- 
tidic acid (DPPA) and cardiolipin (CL). 
Structure A is DMPC, structure B is DPPA and 
Structure G«1s)iCL. The CL structure shows two 
Stearic and two oleic fatty acid chains per mol- 
ecule. The CL is from beef heart, which actually 
contains a heterogeneous mixture of stearate and 
oleate chain content. 
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errdveyy of ithe lipids to be! “monitored Simultaneously. 
Figure V-3 shows the spectra obtained at two temperatures, 
the 8-FDPPC resonance appearing at -104.7 ppm. Comparison of 
the spectrum obtained at 317°K [Figure v-3(ii)] with that 
obtained at 292°K [Figure V-3(i)] indicates that all three 
resonances, but particularly, the Ftyr and the 8-FDPPC res- 
Onances are broader at the lower temperature. In addition to 
the linebroadening at the lower temperatures a change in 
lineshape wasS observed. With the signal to noise of the 
spectra shown, the resonances at 317°K may be fit approxi- 
mately with a single Lorentzian curve. At 292°K, however, 
this is not possible; there is a "broad" component 
underneath the "narrow" component. To improve the signal to 
noise of the 8-FDPPC resonance to allow a quantitative 
analysis of the spectra, vesicles were prepared with a 
higher concentration of the 8-FDPPC. The resulting 8>FDPPC 
spectra wat. 292°K and 317°K fares Shown) ginetne a nsetsaer 
Figure Veo “Abbe ofethe !}8-FDPPCuspectral fandmches Wtemperacture 
series were analysed as the sum of two Lorentzians and the 
relative contribution of the broader component to the total 
the 8-FDPPC resonance as a function of temperature 


area of 


is shown in Figure V-4(A). As well, the linewidth of the 


broad component of the 8-FDPPC resonance as a function of 


inverse temperature is shown in Figure V-44Bie~ ethene is “a 


certain amount of error in the measurements but the trend is 


readily apparent: as the temperature is lowered through the 
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] ~100 -120 PPM 


Figure V-3 The ‘°F NMR spectra of Fphe- and 
Ftyr-labelled M13 coat proteins reconstituted 
into 8-FDPPC-labelled vesicles at two 
temperatures. The sample was prepared by the 
cholate procedure using 15 mg each of Fphe- and 
Ftyr-labelled , lyophilized, coat protein and 
0.8 % 8-FDPPC (by weight), and contained 60 mM 
NHs COs0 (pHs 8.0) so thei finad D2Oscontentt wase37%. 
The spectral resonances are: A) Fphe; B) Ftyr; 
C) 8-FDPPC. The spectra were acquired at: 
i~ee2SleK (402 000gscans) 3} indastysked 20 - 000 
scans). The spectra were collected using a 
pulsewidth of 12 usec (64°), a sweepwidth of 
+50,000 Hz, 8K data points, and a delay of 300 
msec between transients. The inset 8-FDPPC res- 
Onances were from vesicles made with 2.4% 
8-FDPPC (by weight). The upper inset resulted 
from 3.0;.000 scans! while! thet lower) etroms 157,000; 
The broad and narrow spectral components of 
these resonances (from computer simulations) are 


Shown by the smooth curves. 


«) 
i. 
4 7 
mm 
~. 
~ ‘4 
“\e a a peyge > 
| 
‘ 
it 
i i 
nara ae ' h : ‘ 
ee Mitel d _ t " 
' : ’ ‘ 
na aes wo \ to 
* \ ; = *\4F i 7 ‘ \j . : 
_ Nay de ; v bap fY Anal " 


- | > | pits o1sqmed a 
Pete ~aae to) Jone. pa ede’ pid, al 8 ib La yslods. 
ee. CXeTTIG Cae: besehi iene ; ie sLledat-sy: m 
Mj .- re cia feono: h ed ge d} > iT “8 Bel 
# ies #5» 883 ToS Batt aie a: “sits tole bg) 1.995 my 
’ e} 
f 


By i . . i ® t f * 1 » ae 
Wee ; i i i A <a 74 (, ‘ a ne eee Bi asf : Cra . r 
| Mee eae, Artie | at WSeS r 


en es 

TEU - Aatasice 2 ae 
HIRi wgeawe a ,° ea) 
a ; a fe Sc bos egnt 
Nicos, ei sale. gaens oft 
Cay eg ae eo me 78 yb & a3 5¥ 9 Sait ° 2a 
PE ieee a -) re si Pris 4 
lly F 


oo 


% AREA 


LINEWIDTH x10" (Hz) 


INTENSITY 


3.3 34 


3.2 : 
(1/T) x105 (°K 7) 


Figure V-4 The analyses of the broad spectral 
component of the 8-FDPPC resonance from 
8-FDPPC-labelled vesicles containing Fphe- and 
Ftyr-labelled M13 coat proteins with 
temperature. (A) The increase in percent area 
of the broad spectral component of the 8-FDPPC 
resonance as a function of the inverse tempera- 
ture. The data were obtained by simulating the 
8-FDPPC lineshape using two Lorentzians (see 
Figure V-3). The computer then calculated the 
relative areas of the simulated peaks. The curve 
through the points is the same as that drawn 
through the points in (B). (B) The '*F-NMR line- 
widths of the broad components of the 8-FDPPC 
Spectra (see Figure V-3) plotted as a function 
of inverse temperature. (C) The relative total 
intensities of the 8-FDPPC peak as a function of 
temperature. The 8-FDPPC resonances were 
integrated, then normalized to the maximum 
intensity, at 310°K. The curves through the data 
points in Figures V-4 and V-5 were drawn to 
indicate a levelling off at low temperature to 
be consistent with the data for > S-PDPeRC 
[Figure V-5(C)] which had the highest signal-to- 
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towards the broad component. This trend is reversible as the 
temperature was varied pseudo-randomly. The behavior of the 
linewidth of the broad component of the 8-FDPPC resonance 
with temperature also reflects the phase transition tempera- 
ture of the DMPC [as does the linewidth of the narrow 
component (see below)]. 

To determine whether we were seeing all of the 8-FDPPC 
Signal, the area of the 8-FDPPC resonance was meaSured as a 
FUNetLON of temperature, The results are shown in 
Figure V-4(C). The spectral parameters were the same for all 
the spectra collected. A significant decrease in intensity 
is observed below, and a slight decrease above, 310°K. The 
decrease in intensity below 310°K is interesting as the 
enilection point of the curve 1s near the T, ‘of Fthe DMPC, 
297°K. Again, this behavior is reversible as the points were 
obtained pseudo-randomly. 

To study .*the wcorrelatrom between=temperature and the 
linewidth of the narrow components for Fphe, Ftyr and 
8-FDPPC, the linewidths of the narrow components were 
plotted as a function of the inverse temperature in 
Figure v-5. The melting temperature (T,,) of the DMPC is 
a 3276x1072 °Ke® on@these graphs /eCurves==Aeednd= 8 show “the 
temperature on Ftyr and Fphe resonances, respec- 


effect of 


tively, of labelled protein in vesicles while curve C_ shows 


the simultanéous. effect» “of *temperature ony thevG-FDPPC. As 


the temperature is lowered from PIT EKU CS) TSS Sea Ko the 


linewidths of all three resonances initially broadened 
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Figure V-5 The plots of the linewidths of the 


narrow components of the '’F resonances of Fphe- 
and Ftyr-labelled M13 coat proteins reconsti- 
tuted into 8-FDPPC-labelled vesicles as a func- 
tion of the inverse temperature. The linewidth 
data were obtained (see Figure V-3) from the 
following resonances: A) Ftyr; B) Fphe; 

C) 8-FDPPC. The curves through the data points 
in Figures V-4 and V-5 were drawn to indicate 
levelling off at low temperature to be 
consistent with the data’ for 8-FDPPC 

[Figure V-5(C)] which had the highest 
signal-to-noise ratio. 
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linearly with reciprocal temperature. As the Tm of the DMPC 
1S approached, the increase in the inewiacns of the Ftyr 
and 8-FDPPC resonances becomes nonlinear and the linewidths 
increase dramatically. The increase in linewidth of the Fphe 
resonance remains linear throughout the temperature range 
until ~292°K, where it, as well, increases nonlinearly. 

The chymotryptic digestion Of the Fphe- and 
Ftyr-labelled coat protein in vesicles was done to determine 
both the relative exposures of the residues to the enzyme 
and the, orientation of the protein across the bilayer. The 
results of this digestion are shown in Figure V=6.. 
Figure V-6(A) shows the decrease of the area of the Fphe 
protein resonance at -38.0 ppm with the concomitant 
appearance of a free Fphe peptide resonance at -38.5 ppm. 
The relative areas of the protein and peptide resonances 
Cannot be compared aS care waS not taken to prevent 
Saturation ofj/them peptide “resonance; / specrral parameters 
were optimized for collection of the protein resonance which 
has a shorter T, than the peptide resonance. Comparison of 
either resonance as a function of time is, however, valid. 
Comparison of the area under the Fphe protein resonance 
before the addition of chymotrypsin, to that of the protein 
Fesonancesaihern3 s5nbourscel rdigestuenjamidicatesmetiac 91/74 
the Fphe's have been cleaved. Chymotrypsin predominantly 


of 


cleaves at the C-terminal side of exposed phenylalanine, 


tyrosine, and tryptophan residues. The phe (Fphe) cleavage 


Sites of the coat protein were available when ii Se 15 DOC 
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Figure V-6 The '°F NMR spectra of the chymotryptic 
digestion of the Fphe- and Ftyr-labelled M13 
coat proteins reconstituted into vesicles. The 
Sample was prepared as outlined in Figure vV-3 
(the final D,0 content was 50%). The resonances 
in A are from Fphe residues, while the reson- 
ances in B are from Ftyr residues. The spectra 
were collected at the following times after the 
addition of the enzyme (the final concentration 
WaSu67 po/ml): i )e0Chrs 110i eee 
iv 42. Shiev 03 £5 prbheispectra teoptained 109006 
scans each and were collected at 309°K with a 
pulsewidth of 14 us (74°), a sweepwidth of 
+6300 Hz ,4K data, and a delay between 
transients of 200 ms. The linebroadening was 
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micelles; the tyr (Ftyr) sites were not exposed 
(Chapter IV-A). When the protein is in lipid vesicles only 
half of the protein termini are exposed; the other half are 
protected inside the vesicle. Thus 1/3 of the Fphe residues 
would be released, regardless of the orientation of the pro- 
tein in the membrane: exposed N-termini would be cleaved at 
Fphe11 releasing Fphei1, while exposed C-termini would be 
cleaved at Fphe42 and Fphe45, releasing Fphe45. In both 
Orientations, two phenylalanines would be left with the 
vesicle-bound protein. Paper electrophoresis of the released 
peptide fragments showed that fragments were obtained from 
both the N- and C-termini (data not shown). 

Figure V-6B shows the Ftyr region of the spectra during 
digestion. There is no release of Ftyr-containing peptides 
seen in these spectra (these would have been seen at 
moos opm) ) nor is  tyrosime, “round in®- the aminosacrd 
analysis of the fragments. It is apparent, however, that the 
release of the Fphe peptides causes a change in the environ- 


ment of the Ftyr residues as indicated by the change in 


lineshape with digestion. 


Discussion 
The temperature and chymotryptic digestion studies have 


given information on the location of the Fphe and Ftyr 


residues of the coat protein with respect to the membrane. 


(Although the Fphe and Ftyr resonances from the vesicle- 


bound coat protein are too wide to detect individual residue 
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behavior, the information obtained shows whether or not they 
are within the membrane bilayer.) At temperatures above the 
phase transition temperature of the major lipid (DMPC), the 
linewidths of the "narrow" components of the Fohe, Ftyr “Mand 
8-FDPPC have a linear dependence upon the reciprocal tem- 
perature (Figure V-5). This is the expected dependence if 
the linewidth (Av) is dominated by 7r,, the overall corre- 
Mabuoneieame Of the particle: the "particle", in this “case 
is the vesicle which has been assumed to be spherical, thus, 


the Stokes-Einstein relationship will apply: 


et eyes Ke 
Cee cana GE 


Av aszr,., therefore Av a 1/T 


where r is the radius of the vesicle, n is the viscosity of 


the medium, k is Boltzman's constant and T is the tempera- 


ture. 


As the temperature is lowered through the phase 


transition temperature, the Ftyruand §—-FDPPC resonances 


broaden dramatically. Qualitatively, this suggests that 
their internal motions are being severely restricted; the 
Peansituon of the DMPC lipids to the gel, state is 1nhibiping 


the Ftyr ring and 8-FDPPC methylene chain mobilities. (yn is 


no longer a constant but increases as the lipids become 


rigid.) The Fphe is not affected at the transition tempera- 


ture but appears to broaden nonlinearly bellows: 19eGs This 


possibly reflects an increase in the viscosity of the 
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solution as the particles in it have become  oLgia" vesltiers 
olearmy; though, ©that «the Fphe linewidths do not reflect the 
Tm, Of the DMPC as the Ftyr and 8-FDPPC linewidths do, thus 
showing that the Fphe residues are outside the lipid 
bilayer. 

The topology of the Fphe and Ftyr residues with respect 
to lipid bilayer suggested by the temperature studies was 
confirmed by the chymotryptic digestion results. Previous, 
studies have shown that the chymotryptic digestion of the 
protein in DOC micelles resulted in cleavage at the three 
phenylalanines but not at either of the two tyrosines 
(Chapter IV-A). It was concluded that the Ftyr residues were 
within the hydrophobic core of the micelle and consequently 
were protected from the protease, while the Fphe residues 
were outside the micelle and therefore exposed. The 
Situation for the vesicle-bound protein has been found to be 
Simibarn inathab theeproteimtPphe residues tare susceptablerto 
chymotryptic cleavage while the Ftyr residues are not. In 
this case, however, only half of the termini are exposed; 
the other half are in the internal space of the vesicle. 


This raises the question of protein orientation: is the pro- 


eounneorventedeawithy thee N=terminitonyonlymone side.efethe 


membrane (asymmetrical orientation)« ore arewerthe N=! sand 


C-termini distributed randomly on both sides of the bilayer 


(symmetrical orientation). Paper electrophoresis of the 


hydrophilic fragments released show that there isedigestion 


of both the N-. and Ceterminit!) oPhis tindicateserthage one 
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protein is symmetrically incorporated into the vesicle. 
Wickner (1976) has suggested that symmetrical orientation 
may also result from the _ protein being incorporated not 
transmembranously, but in a "U" conformation. 

The curve-fitting analyses of the spectra of the Fphe/ 
Ftyr-labelled coat protein in vesicles not only showed the 
sensitivity of their linewidths to temperature (dicussed 
above) but as well, showed that their lineshapes changed 
with temperature (Figure IV-4): as the temperature was 
decreased, a broad component developed. Two possible 
explanations for the two (multi-)state nature of the system 
are discussed herein: vesicle aggregation (without fusion), 
Or phase separation due to the mixed lipid composition. 

Evidence for the existence of reversible vesicle aggre- 
gatvonre rstitound (hin "twor observations) ttf instly1 Sate was 
qualitatively observed that as the temperature was lowered, 
the NMR sample became turbid, indicative of "larger- 
parnticke™ sformation’), [if <ehem/samplets twas Mplaced Wernethe 
refrigerator (4°C) overnight, the vesicles would settle to 
the bottom of the tube.] Secondly, the comparison of the 
linewidths of the broad components with those of the narrow 


components showed they were approximately eight times larger 


at all temperatures. In the limit where the internal motions 


of the protein amino acid sidechains are faster than the 


overall rotational correlation time’® for’ vesicle rotatyvon, 
which certainly pertains to this situation, the linewidth of 


the resonance is directly proportional to the correlation 
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time (Marshall et a/]., 1972), and hence Ss ato erry antseem the 
Stokes-Einstein equation, given above.) This predicts that, 
if the broad component results from an aggregate of the 
monomeric vesicles, the ratio of the radii of the aggregates 


to that of the monomer should be given by: 


where Av, andr, are the linewidths and radii of the broad 
components and Av, and r, are the linewidths and radii of 
the narrow components. From the data at all temperatures, 
the radius of the vesicles giving the broad component of the 
Spectrum is calculated to be 1.94 +0.17 times that of the 
vesicles giving the narrow component. 

In terms of this model the decreaSe in intensity of the 
8-FDPPC resonance below 310°K, shown in Figure V-4(C), is 
taken as evidence for higher orders of aggregation. If 
tetramers were formed, for example, their linewidth would be 
64 times that of the narrow monomer component and they would 
be too broad to be observed. The decrease in intensity seen 
above 310°K where only the narrow component exists is most 
likely due to the expected change in T, with increasing tem- 


perature. AS the temperature increases, the T; becomes 


longer. The spectral acquisition parameters were constant 


throughout the entire temperature studyiise: thanyeasethe 7, 


increased, the resonances became more saturated. 
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Although the above discussion offers an explanation for 
the linewidth data, Figure V-4(A) shows that in the tempera- 
ture range (282-317°K), there is never less than ~20% of the 
broad component present at the highest temperature. If the 
two-component phenomenon was purely a DMPC-phase-transition- 
modulated aggregation, one would expect the curve to show 
all monomer above the T,,. That there is ~25% of the broad 
component present at 317°K raises the suspicion that the 
POMaDMPCYbipidss(20%e¢of the totabe lipid): ;riwhése Tstsh care 
higher o¢than’ 317°K,° may’ “actually “be in pseudo-gel ‘state 
patches. This would result in two commponent spectra. The 
presence of the narrow component at 282°K may be explained 
by OLtypical behavior of small unilamellar vesicles 
(SUV's)(See Evans and Parsegian, 1983). SUV's are strained 
Spheres ewitthehighoradii (ofecurvaturetabove (the Tay sof etherr 
lipids. As the temperature is lowered through the phase 
transmit ron® the Nstrain #causes  “thearspheres to become 
polygonal ‘to ‘rebieves the ‘tension?® The» lipids™ in the 
interspace between the polygonal faces would have greater 
methylene chain mobility than those in the gel state faces 
and consequently ‘*F-labelled lipid (or protein) in these 


regions would result in the narrow components seen. 


From the above discussion, it is not clear which model, 


either reversible vesicle aggregation or lipid phase separa- 


tion, is the best explanation of the results. However, it 


Foes not affect the validity of the motion analysissco be 


presented in Chapter V-B, as the data used was obtained from 
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the marrow component at 303°K (above the DMPC phase 
transition temperature) and therefore pertains to the pro- 
tein in liquid-crystalline lipids in monomeric vesicles. 

The results of this Chapter have shown that the 
topology of vesicle-bound coat protein is the same as _ that 
of DOC micelle-bound coat protein: namely, the Fphe residues 
are outside the bilayer and the Ftyr residues are either at 
the interface or inside the bilayer. As well, the coat pro- 
tein in vesicles were found to be symmetrically oriented, 
with both the N- and C-termini accessible from the outside 
of the vesicle. This observation, combined with a 
preliminary result that asymmetric incorporation of the coat 
protein (the N-terminus on the outside of the vesicle) can 
be obtained when the vesicles are prepared using higher con- 
centrations of cholate (the "modified cholate procedure"), 
leads one to wonder whether the vesicle-bound coat proteins 
are srdimersheor schigher saggregates cand whether the DOC 
micelle-bound dimers are in head to tail or head to head 
conformations. These questions, along with determining 
whether ‘the absence of cardiolipin has»any effect on the 


coat protein structure, remain to be answered by further 


experiments. 


B. The Analyses of Fphe and Ftyr Ring Motions 
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Introduction 


There has been considerable interest in the internal 
motions of amino acids of proteins. Results of residue 
mobility studies give information as to the structure around 
the residue in the protein; the more “structured iethe, less 
mobile the residue. Most work has been done on water-soluble 
proteins which tend to be the best characterized, the most 
available, and the easiest to study (for a recent review,, 
see Jardetzky and Roberts, 1981). Membrane-bound proteins 
have been studied much less (Kinsey et al]., 1981). For these 
proteins the mobility of individual residues is not only 
influenced by the secondary and tertiary structure of the 
Brocein, but, as well, by the structure of and interaction 
with, the surrounding lipids. The extent of the influence of 
the lipids is not well documented. 

Motion, analyses will also v(give another criterion to 
determine whether DOC micelle-bound coat protein structure 
is the same as that of phospholipid vesicle-bound coat pro- 
tein. Qualitative and quantitative discussions have _ been 
presented in Chapter IV-B of hither Ch phes sand Wty aang 


mobilities of DOC micelle-bound coat protein. The results of 


the motion analyses of Fphe and Ftyr relaxation data from 


vesicle-bound coat protein will be presented in this 


Chapter. 
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Theory 


The overall goal of this Chapter is to quantitate the 
internal mobility of the side chain residues of a membrane- 
bound protein from an analysis of NMR relaxation parameters 
measured as a funetion of >. resonance frequency. The 
relaxation parameters include the spin lattice relaxation 
time (T,), the transverse relaxation time (T,), and the 
nuclear Overhauser effect (nOe). A brief description of each 
of these follows: (more detailed explanations are available 


in, for example, Slichter, 1978.) 


Spin Lattice and Transverse Relaxation Times, T, and T, 
In a one-pulse Fourier transform NMR experiment, 
the net magnetization (M,.) of a diamagnetic sample 
starts aligned against the field (B,)) as shown in 
Figure V-7(i). (This is arbitrarily called the z-axis of 
the Cartesian coordinate system). A second field (H,) is 
applied along the x-axis in the form of a radiofrequency 
pulse, the result being that the magnetization is moved 
away from the z-axis in Figure V-7(ii). (The diagram is 
assuming that there is only a Single type of spin 
nucleus in the sample and that the viewer is ina refer- 
ence frame that is rotating at the resonant frequency of 


that nucleus, so that the magnetization vector follows 


the simple pathway from the z-axis as shown.) 
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Mz=Mo 


Figure V-7 Diagrammatic representations of the 
behavior of the net magnetization of ‘spin 1/2 
nuclei in a reference frame rotating at the res- 
onance frequency of the nuclei. The 
3-dimensional axes show the net magnetization of 
the nuclei: i) after the sample has been placed 
inetheomagnets(Mze="Moy M %=00)¢ ni) Fafter the 
H, field has been applied along the x-axis for a 
time poets jmtorcausentheonet tmagnetyzationito 
rotate through an angle, a radians [in this case 
a/2 radians (or a 90° pulse)]; iii) as the net 

magnetization relaxes along the z-axis from 

M, = 0 to M, = Mo, with a time constant T,. (The 

component of the net magnetization along the 

y-axis relaxes with a time constant T;.) 
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The longer the pulse, the further the magnetization is 


moved such that 


Q= YHitp 


where a is the angle to the z-axis in radians, y is the 
gyromagnetic ratio of the nucleus, and t, is the length 
of the pulse. Thus, a 7/2 radian pulse (90° pulse) is 
one that is on long enough to move the magnetization to 
pbewyoexis. Once H, iS ‘Shut Off, shes magnetization 
Slowly (or quickly) returns to equilibrium by realigning 
with Bo. T; is defined as the time constant for the 
exponential recovery of the magnetization along the 


Z-axis to return to: 1ts Me values 


Mo(t) = Mo (1-(1-cos(a)) exp(-t/ TR) 


T, can vary from less than a second to hours, depending 
upon the nucleus and its environment (spin lattice). 
Figure V-7 also shows the behavior of the net mag- 
netization along the y-axis after a 90°pulse. As the net 
magnetization increases along the z-axis to M, = Mo, the 
magnetization along the y-axis decreases from M = Mo to 


M = 0. The time constant for the exponential decrease 


of the magnetization along the y-axis is Tz. Tz is visu- 
alized by the decay of the FID during acquisition (which 


is directly proportional to exp(-t/T2) where t is the 


Panceafter the 90° pulse) and, hence, *byeinegw ra chemyor. 
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of the Fourier transformed signal [Av = 1/(nT,)]. 

The Tz (observed) that is obtained from the meas- 
urement of the resonance linewidth is caused by two 
types of mechanisms. The first, is due to the natural T2 
processes of the spins; the second is due to field 


inhomogeneity (T2t). Thus, 


1 = + 1 


1 
T, (observed) (ee ae: 


For narrow linewidths (<5 Hz), field inhomogeneity 
contributes -significantly to theswidth ofethe line*::so 
that elaborate pulse Sequences are required to determine 
theartrue -Ts (Farrareand: Becker, 197 idenRorebroadriines 
(220 Hz)} the-conhtribution to the linewidth from field 
inhomogeneity is small, therefore linewidth measurements 
may be used (providing that broadening due to other 
processes like chemical” “exehange is not present). i The 
maximum that T, can be is Tz = 1T1, when wWo7,<<1 (Wo is 
the spectrometer frequency and 7. is the overall corre- 
lation time of the tumbling of the molecule in 
Solution). For proteins, Wot. is usually >> 1, thus pro- 


tein T, values tend to be much smaller than T,. 


Nuclear Overhauser Effect 


The nOe is a method to determine "through-space" 


interactions. It involves the irradiation (and 


Saturation) of the nuclei to which the observed nuclei 
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are dipolar coupled, prior to the pulse and acquisition 
of the observed nuclei (see Chapter II-F). The effect is 
to either increase, to have no effect or to decrease the 
observed nuclei signal intensities. The mechanism by 
which the effect takes place is complex (see Noggle and 
Schirmer, 1971) but involves alterations of the equilib- 
rium populations of the energy states of the observed 
and coupled nuclei, and the mechanisms by which they are 
relaxed. The resulting "enhancement" can range from 
0.5(y,;/7,), where y, is the gyromagnetic ratio of the 
coupled nuclei and y; 1s the gyromagnetic ratio of the 
observed nuclei, to -(y,/7;), depending upon the corre- 
lation time of the molecule and the nuclei involved. For 


observing ‘°F and irradiating 'H, the enhancement ranges 


EuemeGtssnto. si06% 


The Model 


In the derivation of the equations which relate the 
experimentally measured variables to the parameters 


which characterize the motions within the system, two 


approaches are possible (for recent reviews see London, 


1980: Jardetzky annd Roberts, 1981). The first approach 
is to make no assumptions about what kinds of motion are 


present; the second is to assume a particular physical 
, 


model for the motions. We have chosen the second 


approach for two reasons. Firstly, it limits the. number 


of variable parameters by fixing the bond angles around 


which motions are allowed and only letting the 
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timescales of the motions be unknowns. This is necessary 
in our case given that only a limited number of measure- 
ments are possible and two relaxation mechanisms are 
present. The second reason for choosing the model depen- 
dent approach is that the contributions of the various 
time scales determined with the model independent 
approach are invariably rationalized in retrospect in 
terms of the physically most meaningful model for the 
motions. Time scales of the same orders of magnitude are 
extracted from the data in either case. 

The model we have used for the possible motions is 
Shown) cin Figure V-8. This, ‘modelstgallows “restricted 
rotation (or wobble) about the af-bond of the aromatic 
ring of the amino acid side chain, free rotation about 
the By-bond, and overall spherical symmetry for vesicle 
rotation. Other motions of the a-carbon backbone of the 
protein with the vesicle such as lateral diffusion are, 
Or —eounses” possible Jand can be incorporated wntorrthic 
model by reducing the effective overall rotational cor- 
relation time for the protein. Further, experimental 
evidence from solid state NMR (Gall et a/]., 1982) indi- 
cates that rapid vibration of the aromatic ring, coupled 
witherarer. 180° £lips:mday se atbetterpimodel than free 
diffusion for rotation about the By-bond. 

The derivations of the equations of motion are out- 
lined by Wittebort and Szabo (1978). Wesnave extended 


their equations to include chemical shift anisotropy as 
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Figure V-8 A diagram of the rotations, angles, and 
possible dipolar interactions of the model 
assumed for the analysis of the Fphe and Ftyr 
relaxation data. 
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a relaxation mechanism. Dipolar interactions are calcu- 
lated between the fluorine nuclei and the adjacent ring 
protons only. The dipole-dipole contribution to the spin 


lattice and transverse relaxation rates is given by: 
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The chemical shift anistropy contributions to the 


relaxation rate is given by: 


Z 9 
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Neglecting cross-correlation between the two 
relaxation mechanisms, the total relaxation rates are 


given by: 


Aes ae ae csa 


ae 


tes 


t7 Ts? fe Abe 


and the nOe is given by: 


0 
Fphe: ‘H HoF * °H,F i ee gk oye 
So DD DD, ,CSA R L/ainene 


eye et CHE Tiare Sete 
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The nomenclature isasthatecoé&?® HudigiandtsSykes 
(1974,1975b) and Wittebort and Szabo (1978), where y, 


and y, are the fluorine and proton gyromagnetic ratios, 


respectively, wenanddoysarerthéstileorine and proton res— 


onance frequencies, respectively, D = 1/(67.) where 1. 


usetihe overall rotational cornmelat ron time Or ithe pro. 


tein, D, is the wobble frequency about the af-bond, D, 
is the ring rotation frequency about the By-bond and yo 


is the angle through which the ring "wobbles" (see 


Figure V-8). 
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Results 


The NMR spectral data required for motion analysis 
anciude Ti, Av, and noe measurements. These data for Fphe- 
and Ftyr-labelled coat proteins reconstituted into vesicles 
are given in Figure V-9 and Table V-1. These measurements 
were taken at 303°K where the resonances are dominated by 
the narrower component (see Chapter V-A). The linewidths 
wore; measured at. 14%, 254 and 376° MHz, while the T, 4s and 
nOG ss were, collected at. 141 and. 254 /°MHzu) The, T,' sh were 
obtained by progressive saturation method in the absence of 
any 'H irradiation (Hull & Sykes, 1975a)(see Chapter II-F). 
The nOe's' resulted from irradiation of the entire proton 
Spectrum (see Chapter II-F). 

One other parameter that is required is the correlation 
famestor che vesicle rotation, 7... Thissis ‘related! to° the 
radius of the vesicles by Stokes-Einstein equation (see 
below). An electron micrograph was taken of vesicles from an 
NMR sample used for the above measurements. The sizes of 178 
vesicles were measured; their size distribution is shown in 


Figure V-10. The mean radius was 159 +634. 


Discussion 


Upon inspection of Figure V-10 showing the size distri- 


bution of the vesicles, it is obvious that the vesicles are 


a mixed population of sizes. AS every size of vesicle will 


have its own characteristic correlation time and that the 


as nOe and particularly, linewidth results depend on the 
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Figure V-9 The ‘°F NMR linewidths for Fphe- and 


Ftyr-labelled M13 coat proteins in vesicles 
plotted as a function of the square of the spec- 
trometer frequency. Line A is the Ftyr data 
while line B is the Fphe data. The spectral 
Parameters for the measurements at 303°K were as 
follows: the 141 MHz (1.99x10* MHz?) spectrum 
was the result of 15,000 scans rzisingvasc ws 
(ioe) pulse, a +10, 000 Hz Sweepwidth, 8K data 
and a 300 ms delay between transients; the 

254 MHz (6.45x10‘MHz?) spectral parameters were 
aseristed in Figure Vb thers 6aMuz 

iad 7 x0 MHz 2) spectrum was obtained from 
60,000 scans using a pulsewidth of 10 us (757), 
a Sweepwidth of +20,000 Hz, 8K data, and a delay 


of 300 ms between t eanetent an 
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Table V-1 


T, and nOeé data' of Fphe- and Ftyr-labelled M13 
coat proteins reconstituted into phospholipid vesicles 


To WS) 

Frequency (MHz) Fphe Ftyr 
141.178 0.43 yey 
254.025 03:50 Ue2 

nOe 

Frequency (MHz) Fphe Ftyr 
141.178 =U or -0.40 
252-025 -0¥298 -0.46 


eee nt 


'The measurements were made at 303°K 
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Figure V-10 A histogram of the size distribution of 
vesicles containing Fphe- and Ftyr-labelled M13 
Coat proteins. . The vesicles were prepared susing 
the cholate procedure (see Chapter II-E). A 
total of 178 vesicles were meaSured from an 
electron micrograph. From the distribution 
obtained, it was calculated that any vesicle in 
the preparation has a 95% probability of having 
a radius between 208 and 327A. The mean radius 


is 159 +638. 
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overall correlation time (see Theory section), the measure- 
ments of these data are actually weighted averages according 
to the sizes of the vesicles’ and their relative 
probabilities in the vesicle population. 

To determine the "weighted" effective overall corre- 
lation time corresponding to the observed data, the effect 
of the sample size heterogeneity on the linewidth was 
analyzed in the following manner. Correlation times at 303°K 
were calculated for each of the sizes of vesicles shown in 
Figure V-10, using the Stokes-Einstein equation: 

Pew oh al en 
3kt 
These were used to calculate a Lorentzian lineshape for each 
size [with the assumption that the linewidth is proportional 
fommthe ‘overalls correlation timél(Marshall er aj 271972) ). 
These linewidths were used in conjunction with their 
Felative probabilities to Simulate a) “weighted” “lineshape. 
The simulated lineshape was then measured in the same manner 
as the experimental data were analysed and a best fit line- 
width was determined. This linewidth was used to calculate 
an effective LEME overall rotational correlation time 
of 1.9x10-* sec. This effective correlation time derived 
T, measurements has also been used for the analysis of 


from 


the T, and NOE data_ since the “fT, calculations, sare = not 


Sensitive to the exact choice of the overall correlation 


time (see Table V-2). 
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Table v-2 


The T,, Av, and nOe results obtained 
uSing the best-fit values of D;, D2, and Yo 
for the analyses of the Fphe and Ftyr residue ring 
motions in vesicle-bound coat protein 


Parameter Frequency (MHz) 


141 254 376 


ipty meme ae2 X10 tip SDS 24x10° joy ose75 sper ae Ox 102s 


Ti 0.96(0.52)'! On72C0852 ) 0.59 
Av 445(143,) 242( 2594) 461(336) 
nOe -0.18(-0.40) =0 07: COAG) -0.13 


Fphe: D,= 2x bOA+ D2= 4x10°, af oe 910 Fi te = tex 1 Om! 


T 0.62(0.43) 0..69:00;50) Oe 69 
Av 86(96) WSS) 3230138) 
nOe = Omid 20.a51) 20.026 (e028) mlbacly, 


ee ee SE Ee 


Fphe: 6D y= 72x 10' peD2= 4x10" payvo= 02a Ta) Sx 1 Og 


0.62 0.72 0.59 
Ai 68 (96) 137(139) 256(138) 
noe = (Mea =0 V4) -0.26(0.46) -0.27 


SVter eC 2 ee eee 


‘The experimentally determined data are given in parenthe- 
Ses. 
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With the evaluation of the effective overall rotational 
correlation time, we are now in a posi tions to wanalyzeieene 
measured relaxation parameters determined for the Ftyreand 
Fphe residues of the vesicle-bound protein. Quantitation of 
the motions of the Fphe and Ftyr residues was done using a 
computer program based on the equations outlined in the 
Theory section. The rate of the diffusion about the aB- and 
By-bonds (D, and Dz, respectively) and the wobble angle 
about the afB-bond (yo) were varied to obtain the linewidth, 
T;, and nOe values closest to the experimental data. The cal- 
culated values closest to the linewidth data at 254 MHz were 
chosen as these linewidths were meaSured in six individual 
experiments and so are known with greater accuracy than the 
data at the other two frequencies which were measured only 
once. 

t¢awas found>othat’ «ther? calculated ahs) Elanewidthipend 
nOe's for Ftyr were closest to those obtained experimentally 
HhemeD,= 2x10" sec-', Dz= 4x10* «see 4;- and yo= 755.) eThe 
linewidth: dataiagree quite wellubut the, calculated: T,’s are 
too long (see Table V-2). This indicates that some rapid 
intermolecular interactions must also be present. Such an 


interaction could be between the fFtyr and passing lipid 


chains (Hagen et a/., 1978). This would decrease the T, 


val jem bnta wouldbehaves negligible, effects oni he linewidth. 
The best fit values for the Fphe data were D,= 2x10° 


Sec-', Dz= 4x10* sec™' and Yo= 90°" (Table sVe2Jery Inimtnas 
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very well. That the calculated linewidths are too large 
indicates additional motion is present that is not included 
in the model. This implies that the hydrophilic ends must 
have more backbone motion allowed than the hydrophobic 
domain. The effect of this would be to decrease the overall 
correlation time of the vesicle (as far as the Fphe are 
concerned). The results of a simulation with the overall 
eorrelatyvon time reduced ‘from 1 /9x107e tore s5x10-% secicis 
shown in Table V-2.. The linewidths: snow. fare ricilosely, 
Simulated. The T,'s are still too long, however. Inter- 
molecular interactions are again indicated. In this case, 
the fluorine could be experiencing dipolar interactions with 
either the phospholipid headgroups of the lipid or other 
protein residues (either intra- or inter-). The nOe's in 
both the Fphe and Ftyr cases do not fit very well. This is 
expected as the nOe calculations depend upon the T, values. 
Samcerthe Tf, values donot fit well; then thei nOe/s wilienot 
either. 

These studies have outlined an overall picture for the 
M13 coat protein's interaction with lipids when reconsti- 
tuted into phospholipid vesicles. The rotations of the tyro- 


fife residues in the hydrophobic “domain = cf sihe protein, 


Blthough not greatly restricted by the lipids, are still 


influenced by them. Above the Tm of the lipids the motional 


properties of the side chains of the Ftyr residues in the 


portion of the protein surrounded by lipids are very similar 


Po ithose found for typical giobular proteins in aqueous 
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solution (Hull and Sykes, 1975a). The Fphe residues, as 
markers of the hydrophilic regions of the protein, were 
found to be only slightly more mobile than the tyrosines. 
This finding indicates that the hydrophilic ends are not 
"waving" around in solution but must be either structured or 
associated with the phospholipid headgroups. Further exper- 
iments, aS Suggested in Chapter 5-A, are necessary to deter- 
mine whether the structure of the coat protein in vesicles 
cee heuasanensasosthe pstructureioét the coateproteineineDoc 


micelles. 
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Concluding Discussion 


A. Thesis Overview 


This thesis has described structural studies of an 
intrinsic membrane protein, the coat protein of the 
coliphage, M13, when bound by either deoxycholate micelles 
or phospholipid vesicles. The hydrophilic and hydrophobic 
domains of the protein were biosynthetically labelled with 
the 3-fluoro-analogs of phenylalanine and tyrosine, respec- 
tively. The exposure and mobilities of the Fphe and Ftyr 
residues in those domains were monitored using '°F NMR. 

The first experiments described were performed with the 
Fphe and Ftyr amino acids, themselves: the effects of bicar- 
bonate buffer and of the % D20 present in the sample on the 
‘°F NMR spectra of these fluoro-amino acids were character- 
mized .f lilteowass | foundin that “thesspeceraxtoiv® phevand’ Ptyrman 
bicarbonate buffer contained extra resonances when compared 
Howe Ohed wpectrastof: Fphe and Fryrmineothembuliters orgusey 
D,O. The cause of the extra resonances was studied to deter- 
mine if these resonances would be present in the spectra of 
the Fphe and Ftyr-labelled coat proteins. The results showed 


that the free amino groups of the fluoro-amino acids were 


interacting with the dissolved COz from the bicarbonate 


buffer and that the carbamate species formed were the origin 


of the additional resonances. Neither Fphe nor Ftyr is the 


N-terminal amino acid of the M13 coat protein, thus, the 
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with COz2 was not possible, Therefore resonances in the 
'7EONMR (spectra ofthe labelled coat proteins due to _ the 
bicarbonate buffer should not be present. (The '’F NMR 
Spectra of the Fphe and Ftyr coat proteins in DOC micelles 
in sodium borate buffer were the same as the Spectra of the 
fluoro-labelled coat proteins in DOC micelles in bicarbonate 
buffers, thus confirming this conclusion.) The second study 
involving the Fphe and Ftyr amino acids, was to determine 
the effects of changing the aqueous solvent from H20 to D,0 
on the '’F chemical shifts. These experiments determined the 
solvent isotope induced shifts (SIIS's) of the Fphe and Ftyr 
chemical shifts when the amino acids were completely exposed 
to the solvent. These were then compared to the SIIS's of 
the fluoro-residues in the M13 coat protein when bound by 
DOC micelles; this provided a measure of the % exposure of 
the fluoro-residues in the DOC micelle-bound coat protein. 
The incorporation of the Fphe and Ftyr amino acids into 
the M13 coat protein and the assignments of the resolved 
fluoro-resonances to specific residues in the protein in DOC 
micelles, has allowed a detailed study of the structure of 
theve Imicele-bound:s. coat stpnoteane ‘abouts jphosesh residues. 
was obtained by monitoring the 


Structural information 


exposure and motion of the Fphe and Fyr residues using 


‘9 NMR. The exposure of the fluoro-residues was judged by 


the results of proteolytic digestions, solvent isotope 


induced chemical shift measurements, fluorine photo-chemi- 


cally induced dynamic nuclear polarization experiments and 
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Piwetitrations, The idata’ _showeadcthat although Fphe 11 was 
exposed to proteolytic cleavage by chymotrypsin or pronase, 
water ‘d¥d "not Sinteract Significantly with its fluorine. This 
indicated tthatthe iring “tof /stheo oresi@ué eiwas" Coutsiide the 
micelle but was, at least, partially buried in a hydrophobic 
pocket. Ftyr 21 and Ftyr 24 were protected from chymotrypsin 
and only became exposed to pronase after extensive removal 
of the hydrophilic ends. The fluorine of Ftyr 21 interacted 
with water significantly more than Ftyr 24 °(and Fphe 11), 
WhrleeePhtyr 24 interacted with the LpephrPre dye, 
3-N-carboxymethyl-lumiflavine more than Ftyr 21. These data 
Suggested that Ftyr 21 was at the water/micelle interface 
and Ftyr 24 was inside the micelle. These conclusions were 
supported by the ring motion -"analyses: ‘Fphe = 911° was ‘more 
mobile than Ftyr 21; Ftyr 21 was more mobile than Ftyr 24. 
Fphe 11, however, was not much more mobile than Ftyr 21, 
suggesting @that ‘the ‘protem? séquence*insthe vicinity sof the 
Fphe 11 residue was structured. 

Changes in temperature induced changes in the structure 
about the Fphe and Ftyr residues of the labelled coat  pro- 
teins in DOC micelles. The structure in the hydrophilic ends 


was found to be reversibly disrupted by increaSing the tem- 


perature to5327°h: tcircular dichroism spectroscopy showed an 


increase in random coil structure as the '’F NMR_ resonances 


of the ‘three Fphe residues became resolved. Increasing the 


temperature had no effect on the Ftyr ‘’F NMR resonances; 


° 
rather, decreasing the temperature to 277°K appeared to 
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cause Structural changes in the immediate Vicinity aaret 
HUT ane: Bty rii24 

The exposure and mobility of the Fphe and Ftyr residues 
in the labelled coat proteins reconstituted into Synthetic 
lipid vesicles were indicated from the results of chymo- 
tryptic digestion, temperature and ring motion analyses. The 
Fphe residues were susceptible to chymotrypsin: chymotryptic 
fragments from both the N- and C-termini were obtained show- 
ing that the protein was reconstituted symmetrically into 
the vesicles while the Ftyr residues were protected from the 
protease. Temperature studies showed that the mobilities of 
the Fphe residues were not affected by the lipid phase 
transition, hence they were outside the bilayer. The 
mobilities of the Ftyr residues were influenced by the phase 
State of the lipids, hence were inside the bilayer. Analyses 
of the ‘°F NMR relaxation data gave Fphe and Ftyr ring 
motions comparable to those found for the DOC micelle-bound 
coat proteins: the Fphe residues were not much more mobile 
than the Ftyr residues; the Ftyr residues had comparable 
mobility to that found for tyr residues within the hydro- 
phobic domain of a water-soluble protean. The oMackjot 
mobility of the Fphe residues compared to the mobility of 


the Ftyr residues suggested that the hydrophilic ends of the 


protein were not diffusing freely, in solution) buts wywere 


structured. 
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B. Possible Future Studies 


The motion and exposure of the Fphe* and) = Ftyr «residues 
Ofst labelled M13° coat »proteins when bound by either DOC 
micelléseor iphospholipid «vesicleshewere Studied <antfthi's 
thesis. The interpretation of the data allowed statements to 
be made as to the presence of structure in the vicinities of 
the Fphe and Ftyr amino acids. These labelled amino acids 
were only reporting on the surroundings of 5. protein 
residues out of a total of 50; clearly, more work is neces- 
Saryectore® obtain a complete picture of the micelle- ‘or 
vesicle-bound structure of M13 protein. 

Amino acid residues in the coat protein, other than 
phenylalanine and tyrosine, are being monitored by two 
approaches. The first, taken by Dr. Gillian Henry, is to 
incorporate '°C-enriched amino acids into the protein and 
follow the behavior of the residue(s) with ‘°C NMR. The 
second, made feasible by the use of perdeuterated detergents 


(or lipids) and the forthcoming arrival of a 500 MHz NMR 


Spectrometers) d isas to mlook:e ak? thes protone resonancesvoti the 


micelle-bound (or vesicle-bound) coat protein; this line of 


study will be undertaken by Dr. Joe O'Neil. The combined 


results from this thesis and their experiments will give a 


comprehensive view of the structure of the entire coat pro- 


tein in either micelles or vesicles. 


In the Discussion at the end of each Chapter, specific 


experiments to clarify or complement the) resultsipgivensyan 


the Chapter, were suggested. Those experiments, although 
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immediately relevant to the work described in the Chapter, 
are only short term projects. In the long term, a number of 
pathways could be followed. 

There is interest as to the effects of different 
detergents on the structure of intrinsic proteins: which 
detergent is the least perturbing to the protein's struc- 
ture? A comparison of the structure of M13 coat protein in 
different detergents could be done to determine which one 
best maintains the structures }toundbianievesaclesnador 
membranes). 

Vesicle studies, themselves, promise to be interesting. 
The modified cholate procedure appeared to produce reconsti- 
tuted M13 coat protein in vesicles that were oriented with 
the N-terminus outside and the C-terminus inside. (This was 
determined by the analysis of the chymotryptic fragments 
released from the vesicles and the amino acid analyses of 
theleprotein cieftswithethbesvesaclese@woniyuthestragment; teue 
was detected by paper electrophoresis and the protein left 
With thetlipidawas aomixturesoEk Eberinbacteproterintandmtrag— 
ment 12-50.) The ability to assymetrically incorporate the 


coat protein into lipid vesicles raises the possibility that 


placing a single label at each of the N-terminus, the 


€-terminus and«in’the hydrophobic’ coresof the protein; woudd 


simultaneously result in three resolved resonances; one from 


each of the domains of the protein. 
Vesicles could be prepared, varying the lipid compo- 


Sition Infection of the E. coli with M13 phage causes an 
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increase in cardiolipin synthesis. An obvious Study would be 
to compare the ease of reconstitution and the structure of 
the coat protein when cardiolipin is or is not present. The 
Megorhdipid found tins Es cok is phosphatidyethanolamine 
(PE). To see if the exposure and mobilities of the coat pro- 
tein residues are different when PE is the major lipid would 
certainly be relevant. (Another possibility, of course, is 
eomrryacoistudy ithencoat iproteinsithav® actually, fistein Gthe 
E. coli membrane. The coat protein obtains high concen- 
Erations jini thesinner membrane of —: coli ‘bacterium <«during 
infection, hence one may be able to prepare vesicles of the 
host membrane that are suitable for NMR studies.) A third 
type @fveexperiment would! *beistoe studym@eitheu reffect tof 
cholesterol on the protein. Cholesterol is not normally 
found in £. col/]i membranes, but the coat protein could be 
used as a model intrinsic protein to see whether the 
cholesterol causes the protein to be "Squeezed out" of the 
membrane, as suggested by Borochov and Shinitzky(1976). 
Another area of research would be to study the mecha- 
nism of the coat protein's function: what interactions and 
Structural changes occur as the coat protein helps the phage 


DNA into and out of the bacterium. Two approaches could _ be 


attempted. The first would be to monitor the structural 


changes present when the protein» Ts )reconstututed? into 


vesicles in the presence or absence of Single-stranded DNA 


fragments, with or without the gene V proteins bound to the 


DNA The other would be to study the observations that 
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Ger ihith and coworkers made using electron microscopy 
(Manning et a]., 1982), that by treating a solution of M13 
phage with chloroform, the coat protein arrangement on the 
DNA changed. When this "altered" phage was mixed with lipid 
vesicles, the phage particles disappeared: they concluded 
that the protein was leaving the DNA and going into the 
membrane. Preliminary ‘°F NMR experiments using Fphe- and 
Ftyr-labelled M13 phage indicated that the coat protein does 
go into the vesicles. Further studies of the process, 
including analysis of the NMR tensor elements of the coat 
procein fon the yiphage before’ ivand atter. the chloroform 
treatment, the study of where the DNA is after the coat pro- 
tein leaves it (is the DNA inside the vesicle?), and the 
determination of the structural properties of the vesicle- 
bound protein, could give a great deal of information of the 


events that occur during the M13 infection of the E. coli. 
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Potassium phosphate (monobasic) 


Ammonium Sulphate 
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Appendix B 


The Fphe and Ftyr '°’F NMR relaxation data were analyzed 
using a model approach outlined by Szabo et a]. (1978). The 
model allows restricted rotation about the af$-bond (D,) 
through an angle yo, free rotation around the By-bond (D>) 
and overall spherical symmetry for micelle or vesicle 
rotation (D) (see Chapters IV-B and V-B). 

The Basic computer programs to be given, allow the gen- 
eration of linewidth, T,, and nOe values for, first, a Fphe 
residue, then, a Ftyr residue, using the model described 
above. The programs allow for variation of fr (the overall 
Correlation ‘itime™ °for®ivesicle, rotation)= D;, D2 and Yo. 
Semplegeresults,;) calculated ‘using ‘the! correlation “times 


appropriate for the micelle-bound coat protein, are given. 
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TP -PHE DIPOLE=CSA- ANALYSIS DDCSA_004 

DIM ret a.7ct2),BC2),Freq(5) ,6(9)D14506 D265 eS am (S82) (BCS Meo Ty 
DIM PRR C545 yo) 7OCS) Coel (3), Rh icea (aay Rees as 5) Sumceats) 

DIM Both1(5,5),Both2(5,5) ,Sigma(5,5,2) ,Noe(5,5) 

REAL X.Num,Den,Fnb2,Dall,Ju,Constant.Radius,Bet1!,M1,Jcsa,Kcsa,Dz 

INTEGER PB tB2 NCL, KM 

RAD 

READ Bet1.B(1),B(2),Dall,Constant,Dz ' ANGLES OF INTERNAL ROTATION: BETAC 


IN) AND THE ANGLES BETWEEN THE H-F VECTORS AND THE BETA-GAMMA BOND. 


Se. 
60 


! 1/(€6*TAUC ),DD CONSTANT,CSA TENSOR COORDINATE 
4 


FOR K=1 TQ 

READ CCK) 'GAMMAD ANGLES 
NEXT K 
POR Jet 1025 

READ D1I¢J) !WOBBLE FREQUENCY ABOUT ALPHA-BETA BOND 
NEXT J 
PR EL re 

READ D2¢(L) !ROTATION FREQUENCY ABOUT BETA-GAMMA BOND 
NEXT L 


READ Freq(2),Freq(5) ‘tOMEGA F AND OMEGA H 
Freq(1)=Freq(2)-Freq(5) 
Freq(3)=Freq(2)+Freq(5) 
Freq(4)=0 
"INTERNAL ROTATION TENSGR ELEMENT S % x 24 3 2¢ 2 2 2 24 56 36 36 56 38 tae 36 28 at ae 58 2 EOE 56 2 OE OE EE IE 3k EE A HE OE 3 HE 
D252) =COS (Bert 72) 4 
D(2,1)=-.5*SINCBet1)*(1+COS(Bet1)») 
D(2.0)=¢€3/8)> .S*SIN(Bet1)°2 
D¢(2,-1)=.5*«SINCBet1)*(COS(Bet1)-1) 
Dee. = Z2)=SINGCBettT 2) 4 
DM ee) =D CZ a) 
D¢(1,1)=,5*¢(2*COS(Bet1)-1)*(COS(Bet1)+1) 
D(1.0)=-€(3/2)°> .5*SIN(Bet1)*COS(Bet1)) 
D¢1,-1)=.5*(2*COS(Bet1)+1)*(1-COS(BetI)> 
DOh y= 2) =D C2 = 
DCO. 2 =DK2 0) 
DCO == DA, 0D 
D(0.0)=.5*(3*COS(Bet1) 2-1) 
DCO,=1)9=D(1,0) 
POOL = 2 )=0C2 40) 
DiC 2 = DG a 1) 


PCa El ea fet) 
DCH 1D = =D 2) 
Dit, ie aD) 


D¢(-1,-2)=D(2,1) 
D¢«-2.,,2)=D¢2,-2) 

DCS 2a HS) C25 1D 
D¢(-2,.0)=D(2,0) 
D(-2,-1)=-D(2,1) 
D¢-2,-2)=D(2.2) 

FOR M=1 TO 2 nn . 
E20. M)=(3/8) > -5*SINCBAIDD 2 
E(1,0,M)=-¢(3/2)* .5*SIN(BCM) ) *COS (BOM) >) 
£0 ,0,M)=.5%(3=C0S(BUN)) ° 2-1) 
F(-1,0,M)=-E(1,0.M) 
E(-2,0.M)=E(2,0,M) 


NEXT M 
or 
ee an Cuenae> ! CSA TENSOR COEFFICIENTS 
eon eee ' CSA CONSTANT 


Kesa=(Freq(2)*Dz) “2/40 
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yo) BS) 


PRINT 
PRINT Wes S1/Cb*Da lh )y, "SF= "SINT (CFreq(5)*!.E-6/¢2*P1)+.5);"MHz", "DDCSA_0 


7 oF RHE ANALYSIS" 
PUR Kat. 1074 


PRINT 
ce “WOBBLE ANGLE= "; INT(C(K)*360/(2*PI)+.5):"DEGREES" 


!SOLVING THE CORRELATION FUNC T I ON 2¢ 36 3 3¢ 36 34 36 36 36 98 36 36 36 36 36 26-56 36 28 98 96 26 26 26 36 26 28 EE 8 96 56 28 96 Ee 98 96 98 BE 3 
FOR J=1 TO 5 
FOR L=1 To By 


Sumcsa(I)=0 
NEXT I 
FOR N=0 TO 9 
FOR Bl=-2 TO 2 
X=B1*C(K) 
IF N=0 THEN 
IF X= 0 THEN 


GON) =SINCX) 2/X°2 
END IF 
ELSE 
Num=COS (X)°2*€1-(-1) “Nd +5 INCX) 2% C1 40-1) 07ND) 
Den=X°~2-(N*PI/2)° 2 
GO(N)=X 2*Num/Den 2 
END IF 
FOR B2=-2 JG 2 
Fnb2=6*Dall+D1¢J)*«(N*PI) “2/(€4*C(K) 2)+B2 °2*D2(L) 
POR ttle 
FOR M=1 TO 2 
Juw=Fnb2/(Fnb2°2+Freq(I)°2)*G(N)*=D(B1.B2)°2*E(B2.0.M) "2 
Sum(I,.M)=Sum(1,M)+Ju 


NEXT Be 
GOTO 909 
NEXT BI 
NEXT N : 
‘CALCULATING DIPOLAR 1/71. 1/T2,. AND THE NOE EQUATION NUMERATOR****~ 
FOR M=1 TO 2 
R1(J,L,M)=Conetant*(Sum(! ,M)+3*Sum(2.M)+6*Sum(3,M)) 
R2(J,L,M)=Constant/2*(Sum(1 ,M)+3*Sum(2.M)+6*Sum(S ,M) +4*Sum(4,M)+6*Su 


; ) 
ia Sigma(J,L,M)=Constant*(6*Sum(3,M)-Sum(1,M)) 
NEXT M 
NEXT L 

NEXT J 

GOTO 931 
NEXT K ae 

DATA 12229183769, 0,9 .047197551.- 5. sb0dd D0 DIDO D Dea he Oss Ir yom 


DATA 2.094395,2. 268928.2. 44346095 ,2.61799388 
DATA 5E7,1E8,5E8, oe ao 

DATA SEZ, TES. DES. 1 

DATA 1. 5960860919, 1.696460033E9 


DATA .668, 403 466 AE Pt Te Se TE Te TE BE TE FE HE OE OE PE PE PE FE Ft OME SE FE HE EO OE OE OE ee 
WEALCULATING CSA: 1/11 AND 1/12 *+3 == 4 name os 
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a Dir ease To2 
nb2=6*Dail+D!(J)*(N*PI)°2/(4*C(K) °2)4+B2°2*D2 CL) 
91} FOR® T=2° TQ: 4°STEP 2 ‘Wesaeh gt: 
SZ Jcsa=2*F nb2/(Fnb2°2+Freq(I) *2) 
St3 M1=Coef (B2)*G(N)*D(B1,B2)°2*Jcsa 
914 Sumcsa(I)=Sumcsa(])+M] 
StS NEX) 1 
S16 NEXT B2 
917. IF Bl=2 THEN 
918 IF N=9 THEN 
Sis) Ricsa(J,.L)=6*Kcsa*Sumcsa(2) 
920 R2csa(J,L)=Kesa*(3*Sumcsa(2)+4*Sumcsa(4) ) 
S21 GOTO 810 
92 aets 
S23 GOTO 810 
924 END IF 
Zo SE 
32 GOTO 800 
S27 END IF 


930 EGHECULATRING 177TH C= 1/11 CDDP +) 1 ATECESA IY Bile CG at712¢DD) + 1/7 7tecCsAy 
AND NOE ¢= CONSTANT * NOE EQUATION NUMERATOR / 1/71 ) x20: : 2: 25 2 a nee re se a ae se SE EE 
331 FOR I=1 "70"5 


$32 AOR =| 10.5 

933 Both 1¢d , Cy =REC ILE TO FRT CIR 2) AR Hesatiyy) 

934 Bothecs  by=R2 0,0. 1 ytR2C), 2) 4R2esatl.b) 

eS) Nae€ J 2) =26775 19725, To7eCoigmatd, lo, 1)+Siqmacs, i. 220 /Bothi Cl.) 
936 NEXT L 

ee NEXT J 


938 PRINT ’ 
339 PRINT USING "9A.5X,DE,9X,DE,9X,DE.9X,DE,9X.DE";" Dt // D2".D2(1) ,D2¢2) ,D2¢ 
3) ,D2¢4) ,D2«5) 


934} {PRINTING 11. VALUES x 3 3 & 2 2 2 2 26 26 26 36 30 96 36 38 26 3 36 96 28 3 3E E338 OE FE 3E OE FE EF SE ME TE OE SEE TE EE EE EO EE 
943 FORSY= 1° TO"5S 
944 PRUNTEUSENG -"DE 7X: SDs GD W7X OD FADE Xs oDe aD, (MoD eel (Ano. OUD eae 
Grn) 1) et7Botht €J32), 1/Bothi (J.3), 17Bothi42,4)) 1 /BothlG),>) 

945 NEXT J 

946 PRINT 


948 "PRINTING LINEWIDTH VAL UE S x 3 3¢ 26 26 36 36 3 38 98 3 36 30 3 36 36 EOE EE SE EE FE EOE SE HE IEE IE HE AE OE HEE HEE EE 


950 FORSS=1  TG"S 
351 PRINTMUSING “DE (5X , 5D, 3D.5X, 5D. 3D, 5X4 oD 3D aX, SD 3DG ox, SD SDC) Bat 


h2(J,1)/PI,Both2(J,2)/PI,Both2(J.3)/PI,Both2(J,4)/PI1,Both2(J.5)/PI1 
952 NEXT J 


bee PRINT 

355 (PRINTING NUE VAL UE S 2 26 26 26 26 38 36 36 36 96 36 28 90 98 90 98 98 3 8 BE EE EAE IEE OE 2 IE HE DEE EE EOE TE EE EE IE EE HE EE OE HD 
aap Oe ETT ene "NDE, 7X,MZ.4D.7X,MZ.4D,7X.MZ.4D,7X,MZ.4D,7X.MZ.4D": D1 (J) Noe 
(J.1),Noe(J,2) ,Noe(J,3) ,Noe(J,4) ,Noe(J.5) 

959 NEXT J 

960 IF K=4 THEN 

961 GOTO 965 

962 ELSE 

SS oo) GOTO 894 

964 END IF 


365 END 
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Cree ce ANALYSIS DDCSA_002 

(2224-222) .B(2) ,Freq(5) ,G6(9) .D1¢5) ,D2¢5) ,Sum(5) ,E(-2:2.-2:2), 

DIM R135) .R2(5;,5) ,Coet (3) ;Ricsa(5,5) »Recsa(5.5)). Simcaa(S) .Bothi U5 

I asee ee, non Noe (5,5) 
.Num,Den.Fnb2,Dall,Jw,Constant,Radius.M, Je AL ; 

ENTBCER “TB, B2,N iJ. K : ea es oer 

RAD 


READ B¢1),B(2),Dall,Constant,Dz !ANGLES OF INTERNAL ROTATION: BETACIN) AND 


THE ANGLE BETWEEN THE H-F VECTOR AND THE BETA-GAMMA BOND, 1/¢(6*TAUC). 


31 


!DD CONSTANT,.CSA Dz 


FOR K=1 TO 4 
READ Ck) ' GAMMAO ANGLES 
NEXT K 
POR © oO 
READ D1I¢J) ' WOBBLE FREQUENCY ABOUT THE ALPHA-BETA BOND 
NEXT J 
8 Sa eel Oe 


ce D2(L) ! ROTATION FREQUENCY ABOUT BETA-GAMMA BUND 
L 
READ Freq(2),Freq(5) ' OMEGA F AND OMEGA H 
Freq(1)=Freq(2)-Freq(5) 
Freq(3)=Freq(2)+Freq(5) 
Freq(4)=0 
' INTERNAL ROTATION TENSGR ELEMENTS x x 2 242 2 2 20 26 26 24 20 2 2c oe oe ae ae ate 26 2 Ee ee EE 
D(2.2)=COS(B(1)/2)' 4 
D(2,1)=-.5*SINCBC1))=C1+COSCBC1))) 
D(2.0)=(3/8)* .5*SIN(B(1))°2 
D(2,-1)=.5*SIN(BC1))*(COS(BC1))-1) 
D(2,-2)=SIN(B(1)/2)°4 
DGlgc) =D Ce 
NOs 1) =.5=¢02=COSGBC hd 10 =e COSC Gli th) 
D(1,0)=-(€(3/2)* .5*SIN(B(1))*COS(B(1))) 
DC, -1)=. 5*(22C0S.0B¢1))4 1) *C1-COS (Bat) )) 
D1, ~2)=DC2 1) 
D(0,2)=D¢(2,0) 
D(0,1)=-D«1,0) 
D(0,0)=.5*(3*COS(B(1))°2-1) 
DCO s- DS Dh) 
D(0,-2)=D¢(2,0) 
DG ea Dee aul 
DC= Cy WwsDC41, (he) 
D¢(-1,0)=-D(1,0) 
Dc=1,-1)=DC1,1) 
D¢(-1,-2)=D(2,1) 
BC=2,2.20"2.-2) 
D¢(-2,1)=-D(2.-1) 
D«-2,0)=D(2,0) 
D«-2,-1)=-D(2,1) 
20) <(8/8).-S*SIN(BI2)) “2 
Ove CSB Eo 
Ee a 63/2) >, S#SIN(B(2) )*COS(BC2))) 
E(0,0)=.5*(3*COS(B(2))°2-1) 
E(-1,0)=-E(1,0) 
E(-2,0)=E(2.0) 
FOR B2=0 TO 2 
READ Coef (B2) 
NEXT B2 
Kesa=(Freq(2)*Dz) 2/40 ! CSA CONSTANT 
PRINT 
PRINT 
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PRINT CO homes |/6/Dall. "Ske" sINT(Freq(5)*1.E-6/2/PI+.5):"MH2":" DDCSA_DO 


ae 1 YR ANALYSIS": 
490 FOR K=1 TQ 4 


900 


PRINT 

Boe “WOBBLE ANGLE= ";INT(C(K)*360/(2=PI) +. D2 Se DEGREES = 

{ SOLVING THE CORRELATION FUNC T 1 ON 2 26 26 20 30 26 50 20-36 36 26 36 36 96 56 36 36 28 26 50 28 96 28 38 36 EEE EAE IE 9 36 58 8 3 oe 
POR J=1 10.5 


Sum(1)=0 
Sumcsa(I)=0 
NEXT I 
FOR N=0 TO 9 
ROK BiSe2) Fi 2 
X=B1*C(K) 
IF N=0 THEN 
IF X=0 THEN 
G«(N)=1 
ELSE 
GCN) =SINCX) 2/X°2 
END IF 
EE Se 
Num=COS¢(X) “2% €1-(€-1) ND 4SINCX)°2*0740-1) ND 
Den=X 2-(N*PT/2)°2 
G(N)=X 2*Num/Den 2 
END IF 
FOR Bze=-2. fi 2 
Fnb2=6*Dali+D1¢(J)* (N*PI) °2/04*C(K) °2)+B2°2*D2 (4) 
FOR Wa Toss 
Jw=Fnb2/(Fnb2°2+F req( I)” 2)*GCN)=DC(B1 ,B2)°2*E(B2.0) 2 
Sum(1)=Sum¢(1)+Ju 
NEXT I 
NEXT B2 
GOTQ 1000 
NEXT Bt 


NEXT N 
' CALCULATING THE DIPGLAR 1/T1,. 1/T2. AND THE NGE EQUATION NUMERATOR 


R1¢J,L)=Constant*(Sum(1)+3*Sum(2)+6*Sum(3)) 
R2(J,L)=Constant/2*(Sum(1)+3*Sum(2)+6*Sum(3) +4*Sum( 4) +6*Sum(5) ) 
Sigma(J, L)=Constant*(6*Sum(3)-Sum(1)) 
NEXT L 
NEXT J 
GORD +321 


NEXT K 
WDOTOd.. 239183769. 09 5 reo S SoS oso SE md Ooo iene yee 4a 


DATA : 134464,1.396263,1.4835299, .000000000000001 
DATA SE7,1E9, SES, 1E9,5E9 


DATA ee 1E8,5E8, 169), SES 

DATA 596086091E9, he a 

DATA i 38630. 059.0.63 

t CALCULATING THE Co 1/T1 AND 1 / T 2 2 6 2 3 2 8 2 9 8 HE SE Fe HE 3 FE I OE FETE OE FE OE SE BE OE aE OE OE OE 3E HE SE 3 HE HE E> 


FOR SB2=0) 102 
Fnb2=6*Dal1+D1(J)*(N*PI) *2/¢4*C(K) © 2) +B2°2*D2¢L) 


POR. t=2) hl 4 SHEERS Z 
Jcsa=2*Fnb2/(Fnb2 “2+Freq(1)°2) 
M=Coef (B2)*G(N)*D(B1,B2)° 2*Jcsa 
Sumcsa(1)=Sumcsa(1)+M 


NEXT I 
NEXT B2 


IF Bl=2 THEN 
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1090 IF N=9 THEN 

een Sie pa atcoae unc ate) 
2csa(J,L)=Kesa*(3%§ +4xS 

Poh aaa: umcsa(2)+4*Sumcsa(4) ) 

1210 BUSSE 

1220 GOTO 810 

1230 END IF 

1240 ELSE 

1250 GOTO 800 

1260 ENDISIF 


Porous CALCULATING 1/11 “= A/T1CDD) 4 1771 (CSO), 712) (= 17 T2179. CES AD 
) AND NOE (= CONSTANT » NOE EQUATION NUMERATOR / 1/71) *8xHx HHH eK RRR RR RD 
fact EhOR WRI TO 5 


1322 FORPE=1 TOS 

1323 Both! (J,LI=RICd,L)+Ricsadd,..) 

1324 bothe< J L=R2C), Lo theesat se) 

Veo Noe(J,L)=26.7519/25.167*Sigma(J,L)/Bothi¢J,L) 
1326 NEXT L 

taee “NEXT J 


To2e. (PRING 

fescue Ee RIND “USING | *9A).5X;DE, 9X .DE,9X DE ,3X, DE, SX, DE Diy ee, 0201) 0262 Det 
3) 0284). 20205) 

Pool 7PRINT 

1332 { PRINTING 71. VALUE S 226 2¢ 2 38 3 3¢ 26 36 26 36 36 26 26 96 36 26 56 3 5E 58 36 26 26 3 FE FE FE HE OE OE IE HE HE EME OE DE HE HE IE FE FE AE EOE HE HE HD 
1334 FOR J=1 TO 5 

1335) PRINTHUSING “DE, 7X,6Du 3D, 7X. 3D 3Da7k 3D. SDs 7 Xe SDE. 7X, 3D 3D 0 CI), 1/7 Bot 
VOU 1) AvBothl (5,2) ,1/Bothixs,3). T7Bothtes -4)), 1 /Both hiro) 

i336: NEXE 

iss7, PRINT 

1338 ‘ PRINTING LINEWIDTH VAL UE S > 2¢ 35 34 3 3 36 38 28 56 36 36 at te 3e 2 HE OE 3 3 OE OE OE 2 IE OE BE SE SE OE SE Ft OE IE OE SE FE BE HE OE OF FE 2 HE ED 
1340 (FORRJan 10:5 

132A) PRIN TINSING “DE WAX eb. SD.7X : SDS DineXs OD. SD. 7X, Se SDs 7X. SD al ae CO) Bata 
ODPL Bo th2dS,2)7P BeBo thet), 3) /P1I sBothe« J, 407P I gbothz 6J,5)7P 1] 


1344 t PRINTING NOE VALUES 2 2¢ 2 2028 2 26 36 96 26:36 26 20 2 26 96 a6 26 96 36 3 26 8 46 ot oF OF 30 2 98 3 aE OF SE 3 OE OE ot OE HE IEE DE a OE OE OE OE 


1346 FOR J=1 TO 5 

1247, PRINT USING "DE.7XeMZ. 4D. 7X, MZ. 4D 07X MZ. 4D, 7X MZ4D 7X, NZ AD DC) Noets 
1),Noe(J,2) ,Noe(J,3),Noe(J,4) ,Noe(J,5) 
1348 NEXT J 

1349 PRINT 

1350 IF K=4 THEN 

eee. GOTO 1380 

fe52° ELSE 

1360 GOTO 894 

t370: ENDED 

1380 END 
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Fes Voie 
WOBBLE ANGLE= 
Be 77 B2 | 
Tees g 
1£+08 oe 
PESTO g 
US am BY 8 
Tees 258 
1E+08 258 
TE+10 258 
Estate 258 
Vets = 
1E+08 = 
1E+10 -1, 
Vere -| 


WOBBLE ANGLE= 


SF= 270 MHz 
0 DEGREES 
Eruts 1E +08 
780 13999 
780 1.095 
780 12099 
780 1099 
324 11.95 B57 
324 T12:.857 
324 TTS Gov 
324 1195857 
002) =0.7623 
0021 “07626 
0021 “Ut7 oes 
0021 =, 7628 


45 DEGREES 


Me we 1E+03 1E+08 
1£+03 8.775 1.099 
1£ +08 1.704 865 
1E+10 8.153 1.478 
1E+12 ;3.52 1.592 
1£ +03 258.136 Lies. 
1E+08 170.434 71.578 
1E+10 169.696 70.930 
IE +12 169.679 70.9123 
1E+03 -1.0021 -0.7624 
1£+08 -0.5052 -0.5658 
1£+10 -0.4876 -0.6622 
1E+12 -0..9926 “0.7351 
WOBBLE ANGLE- 90 DEGREES 

D1 // D2 IE +93 1£+08 
1E+03 Son 1.100 
1E+08 859 694 
1E+10 3.415 1.700 
1E+12 26.693 2.98! 
1£+03 258.077 jee 21 
1£+08 86.996 30.714 
1E+10 83.362 28.148 
1E+12 83.272 28.060 
1E+03 -1.0021 -0.7623 
1E+08 -0.7296 -0.6243 
1E+10 0.1096 -0.2780 
1E+12 -0.9080 -0.6834 
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1E+16 
Sasa 
Sa Seni) 
Sreowl 

8s te} NU 
WG sSii4 
G6 Sz 
Iie sv 
IP tes 6 Shsyi/ 
= (8) 02 
-0.0220 
-0.0220 
=(0220 
1E4+10 
3.810 
1.900 
4,694 
Saleh) || 
WG ates 
69.402 
627985 
68.970 
=O 50222 
=0 72134 
0.0586 
0.0032 
TE +10 
CPatcl | 
1,204 
Ved 

1 F932 
iiGeoae 
Sy SIGS) 
LUNG. 
27.084 
=0 £0222 
-0.4842 
0.2034 
Os OS%7 
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Av 


nOe 


Ghee > cea 


SF= 


WOBBLE ANGLE= 0 DEGREES 


hia / D2 
12463 
1£€+0E 
1£+1G 
bE a2 


Wiehe 
1E+08 
HS a8 


WOBBLE ANGLE 


I Pike 
1e+03 
1€+08 
fe+20 
1E+12 


1E+03 
12 +908 
1£3+10 
1£+12 


1E403 
1£+08 
1£+10 
1E a2 


WOBBLE ANGLE 


Ry e710 
1E+03 
1£+08 
1E+10 


testy 


1E+03 
1E+08 
1£+10 


LE+K2 


1£+03 
1£+08 
1£+10 
LEA. 


1E +03 


WON GN 
> 
jen) 
(} 


-0.8647 
-0.8647 
-0.8647 
-0.8647 


45 DEGREES 


'£+93 
575 
614 
OoL 
894 


467 
. 160 
.601 
»985 


Wo kh 


-0.8647 
-0.6786 
-0.8142 
-0).86 16 


= 90 DEGREES 
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